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ABSTRACT 
An investigation was made of the potential effects of modifying growing-
season rainfall on the yields and economic benefits of the two major Illinois 
crops, corn and soybeans. Crop yield and weather data for the 38-year period, 
19 31-1968, were used to develop multiple regression equations relating crop 
yield to technology trends and various temperature and precipitation parameters. 
This was done for each of 13 regions with similar yield characteristics. 
Hypothetical seeding models were then used with the appropriate regional equa-
tion to evaluate the effects of seeding-induced changes in July-August rainfall 
on crop yields. Frequency distributions were developed to define expected 
gains or losses from seeding with each hypothetical model under assumed seeding 
operations lasting 1, 2, 3, and 5 years. Results indicated that in most 
regions of Illinois, corn and soybean crops would be benefited in the majority 
of the growing seasons through a cloud seeding program. Reaction to the 
potential seeding was found to vary substantially between regions with the 
same seeding model because of differences in soil properties and, to a lesser 
extent, climatic variations. Furthermore, seeding effectiveness may vary 
considerably from year-to-year with the same model in the same region due to 
the temporal variability in daily rainfall distribution characteristics. 
-3-
INTRODUCTION 
Purpose and Scope of Research 
The research discussed in this final report was undertaken to provide 
quantitative estimates of the potential effects of cloud seeding on crop 
production. Previously, pilot studies at the Illinois State Water Survey-
had demonstrated the feasibility of providing the answers for a representative 
midwestern state (Illinois) and for deriving the necessary analytical techni-
ques for extension of the evaluation to the Great Plains and other regions. 
In this study under Contract 14-06-D-6843, evaluation of agricultural potential 
benefits were confined to the two major Illinois crops, corn and soybeans. 
Three basic tasks were undertaken. These included 1) determination of 
weather-yield relationships for corn and soybeans in Illinois with division 
of the state into regions of equivalent yield characteristics, 2) development 
of methods to evaluate quantitatively the effect of seeding-induced rainfall 
changes on yields of these crops, and 3) preliminary assessment of the economic 
value of yield increases resulting from cloud seeding. 
An important consideration in the development of the methodology for 
assessing increased crop yields (benefits) from rainfall augmentation in 
Illinois was to establish methods applicable to all areas of the United 
States. If the methods developed here were found to be useful and reliable, 
then further subsequent studies would be desirable. These would include a 
careful assessment of the economic benefits, evaluation in other states for 
other major crops, and evaluation of future benefits taking into consideration 
advances in agricultural technology. 
Data Used in Research 
Weather and crop yield data for corn and soybeans in the 102 counties of 
Illinois during the 38-year period, 1931-1968, were used in the research. In 
the 102 counties, satisfactory weather data on temperature and precipitation 
were available for use from 60 stations of the National Weather Service (formerly 
U.S. Weather Bureau) during the 38-year sampling period (Fig. 1). Monthly 
mean temperatures, monthly rainfall, and daily rainfall amounts were the 
weather parameters used in various aspects of the investigation. County crop 
yield data for each year were obtained from annual summaries of Illinois 
agricultural statistics, published by the Cooperative Crop Reporting Service, 
Illinois Department of Agriculture. 
- i t -
Figure 1. Weather-crop yield regions and climatic stations 
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ANALYTICAL TECHNIQUES AND METHODS 
Basic Initial Decisions 
In the early stages of the research, a number of basic decisions were 
made which guided the analytical tehcniques and methods later employed in 
various studies. The more important of these decisions are listed below. 
1. Evaluation of seeding effects would be based strictly upon hypothetical 
seeding-induced changes in July and August rainfall. These are the two months 
which earlier studies by Changnon (1966) showed to be most important in affect-
ing yields. Yields were found to be relatively insensitive to other precipita-
tion parameters. 
2. No predictive capability for July-August rainfall amounts would be 
assumed, except for that provided by statistical probabilities derived from 
climatic data. That is, it was assumed that no long-range weather forecasting 
capability of sufficient accuracy to be used in planning seeding operations 
was available. 
3. The temperature would not be varied in the regional prediction 
equations in calculating seeding effects. The observed temperature for each 
month was used and it was assumed that seeding operations do not alter temp-
eratures sufficientily to change crop yields significantly. 
4. For the purposes of our investigation, it would be assumed that no 
undesirable downwind effects occur from seeding carried out in the target 
region. 
5. The sampling period selected was 1931-1968 for which suitable climatic 
and crop yield data were available. 
6. Evaluations of seeding-induced effects would be made for corn and 
soybeans in all regions of Illinois with distinct soil-water-yield relations. 
7. Yields would be calculated for each year of record in each Illinois 
region through use of existing weather data for that year in the regional 
prediction equation. For each year, calculations would be made of yields 
using (1) the observed weather conditions, and (2) selected hypothetical 
seeding models providing for various degrees of increase (or decrease) from 
- the natural rainfall in July and August. 
8. For the year-to-year calculations (1931-1968 period), regional weather 
models would be developed for each year from historical weather data. These 
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would consist of constant-change and variable change models. The constant-
change were to be obtained by increasing (or decreasing) the natural monthly 
rainfall in July and August by constant percentages. The median monthly 
rainfall for the region rainfall stations served as the base for determining 
the constant change models. 
The variable-change models were to be derived from daily rainfall. These 
would be obtained by ranking the daily rainfall at each regional station for 
each July and August. Then a median regional model of daily rainfall distri-
bution could be determined from the station rankings and this model used as 
the basis for the variable-change weather models. 
In the variable-change models, it was decided to apply different seeding-
induced percentage changes for daily rainfalls in the following groups: 0.10" 
or less, 0.11" to 0.50", 0.51" to 1.00", and over 1.00". A number of models 
could then be derived by assigning various percentage changes to these groups. 
It was tentatively agreed to place an upper cutoff on seeding increases at a 
daily rainfall of 1.5 inches. That is, it is assumed that the precipitation 
process is too efficient to be improved under these rainfall conditions. 
9. Region 11 (Fig. 1 ) , consisting of 17 counties in south central Illinois, 
was selected for use in a detailed pilot study to develop further the best 
techniques and methodology to be used throughout the state. However, because 
of its large size (approx. 9250 mi 2), and re-evaluation of its weather-crop 
yield properties, region 11 was divided into two parts, the northern and 
southern regions. The pilot study was then concentrated in the southern 
region in which the raingage station distribution is somewhat better than in 
the northern region. 
10. The economic evaluation would be limited to Illinois, although it 
is recognized that the ramifications of weather modification on agriculture 
can not be truly isolated to such an area. 
11. In calculating seeding costs in the economic evaluations, a fixed 
fee basis would be used since this is the method presently used by most 
commercial seeders. That is, they charge a fixed amount per acre for the 
duration of the seeding contract regardless of the number of seeding opera-
tions during the contract period. 
12. With regard to application of Illinois findings to other states, 
it was decided that the methodology should be applicable to major grain 
crops elsewhere. Therefore, the final report should contain a detailed 
description of the methodology, including reasons for selection, steps in 
its development, and how it is used. 
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Selection of Hypothetical Seeding Models 
Two types of hypothetical seeding models were employed in our studies. 
These were designated constant-change and variable change models. With the 
constant-change models, yield changes associated with constant seeding-induced 
increases (or decreases) in all rainstorms were calculated. For example, 
calculations were made of yield changes resulting from a 25% increase in 
monthly rainfall during July and August, based upon the assumption that all 
rains would be increased 25%, on the average, by seeding. 
However, it was considered more likely that seeding-induced rainfall 
varies with rainstorm intensity. Therefore, a series of variable-change 
models were selected for use in the regional analyses. These are believed 
to envelop the range of known and potential seeding effects on growing 
season rainfall. They were formulated on the basic assumption that the 
percentage increase (or decrease) in rainfall from seeding would be greater 
when atmospheric conditions produce light rainfall naturally. This assumption 
is supported by findings from the Whitetop radar analyses (Braham and Flueck, 
1970). The hypothetical variable-change models are shown in Table 1. 
Calculations resulting from application of the variable-change models 
in each region were helpful in making selection of the constant-change 
models (Table 2). Thus, it was found that the average effect of variable-
model A combining all regions for the 38-year sampling period was approxi-
mately a 25% increase in July - August rainfall. Therefore, for comparison 
purposes, one of the constant change models was set at 25%. Similarly, 
other constant-change increase models were designated 12% and 40% to correspond 
approximately with the net effect of variable models B and E. Constant 
decreases of 15% and 30% were used to correspond with the range of net effects 
provided by the decrease models in Table 1. 
Table 1. Variable-change models employed to alter various daily rain amounts. 
Variable percentage change for given model 
Daily rainfall (inches) E_ A_ B_ C X Y Z 
0.10 or less 150 100 75 50 -50 -75 -100 
0.11 - 0.50 75 50 30 20 -30 -50 -75 
0.51 - 1.00 30 20 10 0 -10 -30 -50 
Over 1.00 10 0 -10 -20 0 -15 -30 
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Table 2. Constant-change models for July-August rainfall. 
Increases (%) Decreases (%) 
12 15 
25 30 
40 
Determination of Daily Rainfall Models 
For use with the variable-change seeding models, daily rainfall models 
were derived for each year in each of the regions. For a given region, models 
were derived for each month used in the hypothetical seeding analyses. Only 
July and August rainfall were modified hypothetically in the prediction 
equation, since rainfall in the other months had insignificant correlation 
with crop yields during the 38-year sampling period (1931-1968). The method 
used to derive the regional daily rainfall model for a given month in a given 
year is outlined below. 
1. The monthly rainfalls for each stations in the given region were 
ranked from high to low to determine the regional median. 
2. For each station, the percentage of its monthly rainfall resulting 
from daily amounts in the following class intervals was determined. 
a. over 1.00 inch 
b. 0.51-1.00 inch 
c. 0.11-0.50 inch 
d. 0.10 inch or less 
3. From the calculation in number 2 above for each regional station, 
the average percentage of the regional rainfall in each of the above 
four class intervals was determined. For example, if there were 
three stations with 60, 30, and 9%, respectively, of their monthly 
rainfall occurring in daily amounts over one inch, then the average 
regional percentage in this class interval would be 33%. The sum 
of the average regional percentages for all class intervals then 
add up to 100%. 
4. Next, the median monthly rainfall for the region (number 1 above) 
was multiplied by the average regional percentage for each class 
interval. This provided the portion of the regional median rainfall 
to be assigned to each class interval. 
5. Then, the regional monthly distributions established in number 4 
above were modified through application of the variable-change seeding 
models described previously. The modified monthly rainfall totals 
in each year, as obtained with each seeding model, were then inserted 
in the regional prediction equation to determine the change in yield 
expected from the additional surface water obtained from the hypothetical 
seeding. 
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An example of deriving the regional rainfall model for a given year is 
provided below through use of data for July 1931 in Region US. Five rainfall 
stations are included in this region as shown in Fig. 1. Ranked July 1931 
rainfall for these stations was 7.71, 5.56, 2.29, 2.20, and 2.04 inches. Median 
monthly rainfall for the region was then 2.29 inches. 
1. From computer printouts, ranked daily amounts for each station were 
obtained. Thus, at Flora with a monthly total of 5.56 inches, the 
ranked amounts were 4.15, 0.65, 0.39, 0.29, and 0.08 inches. There-
fore, 75% of Flora's rainfall occurred in daily amounts over 1 inch, 
12% in daily rains of 0.51 - 1.00 inch, 12% in daily amounts of 0.11-
0.50 inch, and only 1% in amounts of 0.10 inch or less. 
2. Following the same procedure for the other four stations, and then 
calculating the 5-station average percentage for each class interval, 
the following results were obtained: 
Daily Amount (in.) 5-Station Average (%) 
Over 1.00 45 
0.51 - 1.00 33 
0.11 - 0.50 20 
0.10 or less 2_ 
Total 100 
3. Next, the median monthly rainfall of 2.29 inches was multiplied by 
each of the above class-interval percentages to obtain the portion 
of the regional monthly rainfall to be assigned to each class interval. 
This calculation results in the following distribution of the monthly 
rainfall in Region 11S: 
Class Interval (in.) Monthly Rainfall (in.) 
Over 1.00 1.03 
0.51 - 1.00 0.75 
0.11 - 0.50 0.46 
0.10 or less 0.05 
Total 2.29 
Each variable-change seeding model (described in the previous section) was 
then applied to the above class-interval distribution to obtain the seeding-
modified monthly total for July 1931. This calaulation is illustrated for 
Model A below. 
Model A Seeding-Modified 
Class Inverval (in.) Monthly Amount (in.) Multiplier Amount (in.) 
Over 1.00 1.03 1.0 . 1.03 
0.51 - 1.00 0.75 1.2 0.90 
0.11 - 0.50 0.46 1.5 0.69 
0.10 or less 0.05 2.0 0.10 
Total 2.29 2.72 
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Delineation of Weather-Crop Yield Regions 
A necessary initial step in this research study was to determine the 
regions within the state that had similar crop-yield relations. These 
"crop-weather regions" should result from the interaction of different soil 
types within Illinois, the varying climatic differences across the state, 
and any existing regional technological differences. The effect of added 
rainfall for potential weather modification would then be studied in each of 
these delineated crop-weather regions. Thus, the purpose of this particular 
phase of the study was to delineate objectively such crop-weather regions, 
using county data on past weather conditions and yields. Yield data for 
entities smaller than counties were not available; however, the detail furn-
ished in the county mean yields for corn and soybeans in Fig. 2 appears 
adequate to define regions amenable to seeding. 
For each of the 102 Illinois counties, a corn yield-weather multiple 
regression equation was developed involving the 1931-1963 data 1) on corn 
yields, 2) on 8 monthly-seasonal weather variables, and 3) on technological 
factors. The factors from the resulting county equations were to be used 
in deriving an objective groupings of the counties. The 8 weather factors 
employed (preseason precipitation, May temperature, June temperature, June 
rainfall, July temperature, July rainfall, August temperature, August rainfall) 
were found to explain between 85% and 98% of the corn yield variations in 
Illinois (Changnon, 1966). 
Earlier studies aimed at developing such regional relationships between 
weather factors and yields in Illinois had been accomplished for all-weather 
peril insurance research (Changnon, 1966), and in an analytical program aimed 
at evaluating the potential of irrigation in Illinois (Changnon, 1969). Since 
the July and August rainfall totals were shown to be the only monthly rains 
of consequence in determining corn and soybean yields (Changnon and Neill, 
1967; Odell, 1959), the developed county equations were used to derive various 
numerical expressions (for each of the 102 Illinois counties) describing 
the July-August rainfall relationships with yields. 
To determine a value for each Illinois county that would express the 
July-August rainfall-yield relationships, a basic measure of the yield 
explaned by these two weather variables had to be calcultated and then made 
comparable for all counties. It was assumed that yields are dependent on 
the interactions of July-August rainfall with soil conditions, other weather 
conditions, technological factors, and certain unmeasured random variation. 
When county corn (or soybean) yields are compared with July-August rainfall 
totals using a regression relationship, the variance of the annual county 
corn yields can be separated into one portion that is explained primarily by 
July-August rainfall totals and into an unexplained portion that is associated 
with other weather factors, technology factors, and random variation. The 
square root of the variance explained by July-August rainfall provides a 
standard deviation due to this rainfall for each Illinois county. Dividing 
this standard deviation by the county mean corn yield and multiplying by 
100 resulted in an estimate of the standard deviation of county corn yield. 
This desired expression of yield relationship with July-August rainfall was 
termed the "index of variation". 
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Figure 2. Average county yields for corn and soybeans, 1931-1968 
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These county indices of variation ranged from 8% to 38% of the county 
mean corn yields. The county indices were plotted on a state base map to 
develop possible patterns, and this resulted in grouping of counties to form 
13 regions within the state. The pattern of these county indices, based 
on July-August rainfall, was found to be similar to the patterns of 1) the 
coefficient of variation of corn yields, 2) statewide drought frequencies, 
3) extremely high temperatures, and 4) statewide soil types. This substantiated 
the validity of these indices, the derived pattern, and the 13 regions chosen. 
Table 3 shows the average and extreme indices for each of the 13 regions 
delineated in Fig. 1. 
Table 3. Average and extreme regional indices of variation for corn, based 
on county values in each region. 
Region Regional Average, % Maximum county value, % Minimum county value, % 
1 12 15 8 
2 15 20 12 
3 21 31 14 
4 25 30 22 
5 20 26 12 
6 23 29 16 
7 27 29 25 
8 23 29 16 
9 24 28 19 
10 14 20 8 
U N 31 37 23 
US 33 38 30 
12 24 29 20 
Inspection of Table 3 shows that some regions had equal averages (such as 
Regions 6 and 8 with 23%), but these were identified as separate regions because 
they were geographically separated by one or more regions (groups of counties) 
with either higher or lower indices. The average indices for Regions UN 
and 11S were more than two times greater than those in Regions 1 and 10, indi-
cating that corn yields in these counties in southern Illinois were 2 to 3 
times more dependent on July-August rainfall than those in northern Illinois. 
A lengthly analysis similar to that described for corn yields was performed 
on soybean yields and weather factors for the 102 Illinois counties. County 
regression equations were developed, and the July-August indices of variation 
were calculated for soybeans. In general, the soybean indices were not as 
large as those devised for corn (which was not unexpected), but the pattern of 
soybean indices throughout Illinois was quite similar to that for the corn 
indices. Therefore, the 13 regions identified for corn were used in the soybean studies. 
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For each region, the weather data for all weather stations in each region 
were averaged along with the yields of all counties in each region to develop 
regional mean weather values and yields for each year in the 19 31-68 period. 
These annual regional values of weather and yields were those used as inputs in 
the regional regression equations which are described in the following section. 
Development of Regional Regression Equations 
The weather effect on crop yields varies considerably over the continental 
United States. In arid regions, the crop yield is almost entirely dependent upon 
weather, whereas in semi-arid areas it plays a less important but significant 
role. In the more humid climates in which rainfall is usually sufficient, the 
interplay is much more difficult to ascertain. Thompson (1966), Changnon and 
Neill (1967), and Shaw and Durost (1965) have shown that in some years an increase 
in rainfall will actually reduce the average yield of corn per acre in the corn 
belt region. 
The actual assessment of the weather effect upon crop yield is a very dif-
ficult problem. Because it is a difficult problem, various assessment methods 
have often been met with criticism. Most of the criticism has been involved 
with how to allow properly for the technology factor/s'. There has been a con-
tinuing increase in the average yield of corn per acre during the past 30 
years, and it has become quite large in the past 15 years. It is the general 
concensus that this is largely due to increased technology. The farmer has 
learned to use more efficient planting rates, appropriate fertilizers, hybrid 
corn, terracing, contour farming, improved varieties, greater use of chemical 
pesticides, and improved skills in farming operations". However, as Thompson 
(1969a) has noted the recent period of rapid increase in yield has also been a 
period of very favorable corn weather. 
Two methods for determining corn yield-weather relationships were considered. 
The first method will be referred to as the weather index-experimental plot 
method and the second as the Thompson method. The first step in the weather 
index-experimental plot method is to construct a weather index for the area of 
interest (Shaw and Durost, 1965). The weather index is a method of measuring 
the effects of weather by the use of variation in experimental crop yield 
data. In this method, the average yield series from certain experimental 
plots within a crop reporting district of the state are determined. Next, 
a trend is determined for the experimental crop yield series. This is usually 
done by one of three techniques. The first technique involves fitting a linear 
trend to the yield data through the use of regression. The second technique 
involves the determination of moving averages for the experimental plot data 
series. Certain adjustments are then made in an attempt to eliminate the effects 
of extending the period of the moving average beyond the data sample. The 
third technique involves the use of several linear trends to approximate the 
appropriate overall trend. In this approach it is necessary to eliminate cer-
tain parts of the data, estimate data for gaps in the record, and to use var-
ious averages to smooth the series thus obtained. The weather index is computed 
by dividing the actual crop yield by the trend yield. The weather indices thus 
obtained are usually weighted and averaged to obtain weather indices for entire 
states or for the entire corn belt (Shaw and Durost, 1962). 
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An adjusted crop yield series is then obtained for the crop reporting 
district or for the state by dividing the actual yield by the weather index. 
The weather effect for any year is then determined by the subtraction of the 
adjusted yield estimates from the actual yield. The adjusted series is con-
sidered to be the trend due to technology. A second type of weather index, 
which allows for weather-technology interaction, is sometimes computed by 
using data from experimental plots in which the technology has been held 
constant and from experimental plots in which the technology has been allowed 
to vary over time. With the use of certain adjustments, the second type of 
weather index can be obtained. However, work by Shaw and Durost (1965) 
indicate that the ratio between the two types of indices is close to unity. 
The Thompson method has varied over the years. Thompson used a multiple 
regression technique involving various weather variables, technology trends, 
and crop yield. In his early work (Thompson, 1963), the technology variable 
was strictly linear, and represented nothing more than the year factor. That 
is , the years were considered to be technology and were added to the multiple 
regression as another linear variable. The relationship can be expressed in 
the form of Equation 1: 
where: 
A = the intercept of the miltiple regression 
B1 = the partial regression coefficient for technology (years) 
Bj = the partial regression coefficient for a given weather variable 
Tk = technology (years) 
Wjk = a particular weather variable 
n = the number of weather variables 
m = the number of years 
k = a given year 
The expected yield is obtained by solving Equation 1 using the values of 
the weather variables and technology for the various years of record. The 
technology trend (the yield expected under normal weather conditions) is 
then obtained by substituting into the equation the average of each weather 
variable and the value of technology for each year. 
For the influence of an individual variable on the crop yield, the cor-
responding partial regression coefficient and the multiple regression inter-
cept are used. For those terms which do not involve interaction, the other 
variables are held at average weather conditions. For terms involving inter-
action, one can calculate yield curves based on various levels of the other 
variables. The first modification of the Thompson method (Thompson, 1964) 
involved the use of a trend line based on the rate of adoption of hybrid corn 
from 19 35 to 1945 and the increased rate of fertilizer application (particu-
larly nitrogen) from 1950 to 196 3. This trend is determined empirically by 
splitting the linear trend into various components to allow for the hybrid 
corn and fertilizer application. In the next modification, Thompson (1966) 
split the technology trend into two variables. This is primarily an empirical 
adjustment to allow for the differing rates of fertilizer application and hybrid 
corn production over the years. 
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La t e r , in an e f f o r t to e l imina te c r i t i c i s m r e s u l t i n g from a smal l number 
of degrees of freedom, Thompson (1969a) f i r s t computed r eg res s ion equat ions 
for each of f ive s t a t e s by using two time t r end va r i ab l e s for the technology 
in f luence . Next, from the r eg ress ion e q u a t i o n s , the t r ends expected with 
normal weather for each s t a t e were c a l c u l a t e d . The da ta from a l l f ive 
s t a t e s were then pooled using y i e l d expected with normal weather in p lace 
of the o r i g i n a l technology t r e n d s . Thus, t h e r e is a cons iderab le inc rease 
in the number of degrees of freedom. In h i s most recen t modi f i ca t ion , 
Thompson (1969b) has d iv ided the t rend in to t h r e e v a r i a b l e s , two l i n e a r and 
one c u r v i l i n e a r . These va r i ab l e s are r e l a t e d to d i f f e r e n t per iods of the 
h i s t o r i c a l record and a re based p r imar i ly upon the use of n i t rogen f e r t i l i z e r . 
For the I l l i n o i s s t udy , the Thompson method was used i n s t ead of the 
weather index-exper imental p l o t method for the following r e a s o n s : 
1. Data on experimental p l o t s are not r e a d i l y a v a i l a b l e in many p a r t s 
of I l l i n o i s and in o ther s t a t e s . F u r t h e r , the years of records 
a v a i l a b l e for e x i s t i n g p l o t s are sparse and i n t e r m i t t e n t . 
2. The d e s i r a b i l i t y of using the moving average technique to i s o l a t e 
the t r end i s h ighly ques t ionab le . 
3. It was considered ques t ionable whether a few i s o l a t e d p l o t s are 
t r u l y r e p r e s e n t a t i v e of the so i l -wea the r condi t ions throughout 
la rge a r e a s . 
4. For the assessment of the poss ib le b e n e f i t s of weather modi f i ca t ion , 
one needs a technique t h a t is r e l a t i v e l y simple to apply and in 
which da ta fo r the method are r e a d i l y a v a i l a b l e . The Thompson 
method makes use of data which e x i s t and can be obtained e a s i l y . 
Although t h e Thompson method was chosen, it was modified somewhat, 
because i t was be l i eved t h a t the technology f a c t o r would vary considerably 
throughout the s t a t e . Thus, a technology t r end which was developed for the 
e n t i r e s t a t e might not be appropr ia te for the various subareas wi th in the 
s t a t e . Thompson had used an empir ica l method of developing the technology 
t r end from inspec t ion of f e r t i l i z e r and hybrid corn da t a . However, i t was 
found t h a t t h i s type of da ta was not a v a i l a b l e for var ious subareas wi th in the 
s t a t e of I l l i n o i s . As ind ica t ed in the previous s e c t i o n , reg ions of s p e c i f i c 
co rn -wea the r - so i l r e l a t i o n s h i p s had been determined (Changnon and N e i l l , 
1967) Thus, it was decided to use a technology t r end in each region which 
would be based upon f i r s t - , second- , and t h i r d - o r d e r technology terms in the 
mul t ip le r eg ress ion equat ion for a given a r ea . The choice of whether to use 
a f i r s t - , second- , or t h i r d - o r d e r term was then d i c t a t e d by the da ta and 
r e s u l t s obta ined in each a r ea . The rev i sed technique is descr ibed below. 
The eight weather va r i ab l e s spec i f i ed by Changnon and N e i l l (1967) were 
used. These included preseason p r e c i p i t a t i o n (September-May), May mean tem-
p e r a t u r e , June mean t empera tu re , July mean t empera tu re , August mean tempera-
t u r e , June p r e c i p i t a t i o n , July p r e c i p i t a t i o n , and August p r e c i p i t a t i o n . 
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Four squared terms were used and included preseason p r e c i p i t a t i o n , June p r e c i -
p i t a t i o n , July p r e c i p i t a t i o n , and August p r e c i p i t a t i o n . Three weather i n t e r -
ac t ion terms were used which included June temperature i n t e r a c t e d with June 
p r e c i p i t a t i o n , Ju ly temperature i n t e r a c t e d with July p r e c i p i t a t i o n , and 
August temperature i n t e r a c t e d with August p r e c i p i t a t i o n . Thus, in the r e g r e s -
sion e q u a t i o n s , t h e r e were e i g h t weather v a r i a b l e s , but the equat ion involved 
15 weather te rms . 
The f i r s t s t e p in applying the technique to a given reg ion was to d e t e r -
mine the mul t ip le r e g r e s s i o n using t h e 15 weather terms (as averaged over the 
a rea) and the l i n e a r technology t rend as independent v a r i a b l e s , and the 
year ly average corn y i e l d as the dependent v a r i a b l e . The second s t e p was to 
determine the mul t ip le r e g r e s s i o n equat ion with the same weather terms and 
l i n e a r technology te rm, bu t with a second-order technology term added. An 
F - t e s t was used to determine if t he re was a s i g n i f i c a n t add i t i on to the sum 
of squares of the mul t ip le r eg re s s ion when the second-order term was added. 
If t he re was an i nc rea se in the sum of squares c o n t r i b u t i o n , the new r e -
gress ion equation was then determined using l i n e a r , second-order , and t h i r d -
order terms of the technology v a r i a b l e . Again, t he F - t e s t was appl ied to see 
if the re was an inc rease in the sum of squa re s . If t he re was an i n c r e a s e , 
a new reg re s s ion equat ion was determined using l i n e a r , second- , t h i r d - , and 
fou r th -o rde r terms of the technology v a r i a b l e . Whenever t h e r e was no i n -
crease in the sum of squares when the next h ighe r order term of the t e c h -
nology v a r i a b l e was added, the lower order equat ion was chosen as t h e appro-
p r i a t e equa t ion . Equations for the var ious corn regions in I l l i n o i s were 
found to have e i t h e r second-order or t h i r d - o r d e r technology te rms . 
Next, a weather- technology i n t e r a c t i o n was cons idered . It was decided 
to add terms involv ing cross products between the l i n e a r technology v a r i a -
b l e and c e r t a i n weather v a r i a b l e s to the h ighes t order equat ion obta ined in 
each r eg ion . These terms w i l l be r e f e r r e d to as weather- technology i n t e r -
ac t ion te rms . Two methods for determining the i n t e r a c t i o n terms were used. 
The f i r s t method involved an i n v e s t i g a t i o n of the uns tandar ized r eg re s s ion 
c o e f f i c i e n t s for t h e equat ions in the var ious subareas . I f t he r eg re s s ion 
c o e f f i c i e n t s were s i g n i f i c a n t a t the 0 . 0 5 - p r o b a b i l i t y l e v e l , the a s soc i a t ed 
weather v a r i a b l e was then included in the r e g r e s s i o n equat ion as a cross 
product between i t and t h e l i n e a r technology term. In t h i s method, the 
number of i n t e r a c t i o n terms was found to vary wi th in the var ious corn 
regions of the s t a t e . The second method involved use of t h e same weather-
technology i n t e r a c t i o n terms for a l l corn r e g i o n s . The terms s e l e c t e d 
were t e m p e r a t u r e - p r e c i p i t a t i o n i n t e r a c t i o n in June , J u l y , and August. Mul-
t i p l e r eg re s s ion equat ions wi th both types of i n t e r a c t i o n were determined for 
a l l regions of the s t a t e . From examination of t he se r e s u l t s , t he second 
method (constant i n t e r a c t i o n ) was s e l e c t e d for use in a l l subsequent analy-
s e s . The r eg iona l equat ions for soybeans were derived in the same manner 
descr ibed for corn in the preceding paragraphs . 
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In developing the final form of the prediction equations, a comparison 
was made of the difference in corn yields obtained with the constant-
interaction equations and regional equations in which no interaction was 
assumed. Results of this study are discussed in the section entitled 
Supplementary Studies. 
As discussed in a later section, final analyses of seeding effects 
on corn and soybean yields were made by normalizing yields in the 19 31-
1968 period to a single technology level (1968). This was done to make 
results more representative of present yields that have improved greatly 
with advances in agricultural technology. 
An example of utilization of the analytical technique described in 
the foregoing paragraphs is illustrated for Region 11S in Fig. 3. This 
figure shows that the regional regression equation yields excellent 
predictions of corn yields for the various years of record. The tech-
nology curve in the lower part of Fig. 3 shows the yield due to technol-
ogy , that is, the yield that would have been expected had the weather 
been normal. Thus, the deviations of the predicted values from the 
technology trend line are assumed to be the effects on yields resulting 
from existing weather conditions. The droughts of the 1930's and 1950's 
are clearly revealed by the negative departures during these years. 
As mentioned previously, predictions with the various hypothetical 
seeding models were based on use of 1968 technology in the final eval-
uation. The upper portion of Fig. 3 shows what corn yields would have 
been during the 1931-1968 period if 1968 technology had been employed. 
The yield due to technology would have been constant as represented by 
the horizontal line labeled 1968 technology. As indicated, there would 
have been less trend in the yields with progressing time than in the 
lower curves, since all year-to-year variation was assumed to result 
from weather effects in this analysis. Note that the drought periods 
are again clearly evident in the yield curve based on 1968 technology. 
Regression equation parameters (coefficients and intercepts) for 
each of the Illinois regions are shown in Tables 70-71 of Part II of 
this Final Report. Regional averages of the precipitation and tempera-
ture variables used in the prediction equations are contained in Table 69 
of Part II. 
Summarizing, the prediction equation approach was adopted in the 
Illinois study, because of certain major advantages such as 1) the capability 
to use historical data on crop yields accumulated for counties, along with rainfall 
Figure 3. Example of analytical technique used in prediction 
equation development for Region 11S 
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and temperature data from numerous long-term cooperative weather stations of 
the National Weather Service, 2) the opportunity to test crop response under 
actual farm conditions, 3) the simplicity of the technique which provides 
an approximate profile of crop response, and 4) the suitability of the 
technique for application in other areas of the United States. However, 
certain disadvantages must be recognized also. These include 1) the pos-
sibility that the data (yields and weather) may not be from geographic units 
having uniform production conditions and which conform to optimum sizes of 
seeding units, 2) the historical weather data may not include all types of 
weather conditions relevant for weather modification, and 3) specific 
technology-weather interactions cannot be identified. Overall, however, the 
method is believed to be the most suitable available at this time for the 
task undertaken in the Illinois research. 
Economic Considerations 
Large-scale weather modification provides a good example of what econo-
mists refer to as externalities, both pecuniary and technical. When the 
actions of a business or a consumer, or groups of businesses or consumers, 
are such that prices or costs are affected for other businesses or consumers, 
a pecuniary externality exists. Cloud seeding undertaken by a large group 
of farmers may cause crop production to increase to the point that it would 
have a price-depressing effect. Increases in yields may also cause corn 
storage rates to increase, hog production to increase, etc. All of these 
possible effects of large-scale weather modification have the common element 
that they occur via the market; changes in supply and demand conditions are 
reflected in adjustments of prices and costs until a new equilibirum is reached. 
The second type of externality occurs when the action of a firm or con-
sumer causes an unintended benefit or cost (damage) to another firm or consumer. 
This "spill-over" may occur, for example, because of lack of control over the 
process. Large-scale weather modification intended primarily for agricultural 
production may affect others either beneficially or harmfully. 
In the Illinois project both types of externalities (pecuniary and tech-
nical) are assumed to be of minor significance. If corn production were 
increased by weather modification that costs less than the value of yield 
increases, costs per bushel would decrease. If corn production in the entire 
state of Illinois increased by, say, 5 percent, there would be a short-run 
depressing effect on corn price. Since about 20 percent of the U.S. corn 
supply is produced in Illinois, this change in output would affect price. 
Even after an adjustment to this short-run lower price had been worked out on 
both the supply and demand side to a somewhat higher price, but still lower 
than before effective weather modification, we would find that food costs to 
consumers would be lower than before effective weather modification because 
of the more efficient production. 
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Our evaluation in this project focuses on the initial step in the process— 
given the prevailing crop prices in the period 1965-69, what are the expected 
benefits of weather modification? If the net benefits are sufficiently high, 
the practice will be adopted by individual farmers or groups of farmers 
without consideration of the aggregate effects of widespread adoption of 
weather modification. It is not likely that any single group organized for 
cloud seeding would be sufficiently large to affect the crop prices with the 
increased production.. There is reason to believe that, if shown to be 
profitable, the introduction of weather modification would follow the general 
pattern of other techniques which farmers have adopted without regard to the 
final effects on prices and incomes. The innovators and early adopters are 
the ones who capture the profits from new technology. Those farmers who are 
the last to adopt new practices are forced to do so to remain in business. 
Thus , in this study we attempt to answer the question of the magnitude of the 
profit incentive that would start the adoption process. We do not study the 
ultimate ramifications except to note that, if profitable, food costs would 
be lowered by weather modification. 
Possible technical externalities are also not taken into account in this 
study. Such beneficial side-effects of cloud-seeding as those which increase 
water supply in reservoirs are neglected. There may also be some damage 
inflicted on non-farm residents by augmented rainfall. 
Corn and soybeans are assumed to be the primary beneficiaries of cloud 
seeding in July and August. Other crops might also be considered. In parti-
cular, hay and pasture crops may also be improved by augmented precipitation 
during this period. Initial analyses indicated that because of the difficulty 
of measuring changes in production of these crops , they would need to be 
omitted from consideration. Thus, it is believed that the technical exter-
nalities not taken into account are not very important and where they do 
exist, they are in the nature of benefits. This means that the estimated 
returns may be underestimated as compared to a more comprehensive analysis. 
RESULTS OF PRIMARY STUDIES 
Effect of Variable-Change Seeding Models on Rainfall Distribution 
Once the variable-change models had been defined in terms of daily 
rainfall modification, the next logical step was to ascertain the net increase 
in available water resulting from application of the various models. This 
was done on a monthly basis by deriving frequency distributions of the per-
centage change in July and August rainfall totals resulting from applying 
the various models to the actual daily rainfall data from each region in each 
of the 38 sampling years (19 31-1968). These frequency distributions then 
provide a measure of the effectiveness of the various increase models in 
augmenting summer rainfall and of the decrease models in moderating the 
rainfall in overly wet years. 
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Detailed resu l t s of the above analyses are tabulated in Tables 1 to 7 
in Part II (Appendix) of th i s report . However, the general nature of the 
resul ts is i l l u s t r a t ed in Table 4 which shows the average effect of each 
variable-change model on monthly r a i n f a l l in the July-August period. Average 
percent of the naturally-occurring r a i n f a l l is shown for each model and each 
region, based upon use of a l l months in the 19 31-19 38 period. Then, the data 
are grouped according to months in which the natural r a in f a l l was above and 
below normal, and computations made for the appropriate models in each group. 
That i s , average values are shown for increase models in below-normal months 
and for decrease models in above-normal months. Model C is included in 
both groups because it operates almost equally as an increase and decrease model. 
Table 4. Average effect of variable - change models on 
July-August r a in f a l l d is t r ibut ions 
Percent of natural monthly r a in f a l l for given region Seeding 
Model 1 2 3 _4_ J5_ _5_ _7_ _8_ _9_ _10_ 11N 11S _12_ Median 
All months combined 
E 144 143 141 142 141 142 141 141 138 139 141 141 140 141 
A 128 127 125 125 124 126 124 125 123 124 125 126 124 126 
B 114 114 112 111 111 112 111 112 110 110 112 112 110 112 
C 10 3 10 3 101 100 100 101 100 101 100 100 102 101 100 101 
X 85 85 86 86 87 86 86 86 87 87 86 86 86 86 
Y 66 67 68 68 68 67 68 68 69 69 67 67 68 68 
Z 46 46 48 49 48 47 48 48 50 49 47 47 48 48 
Below normal months 
E 157 153 151 153 150 147 148 147 146 144 147 148 149 148 
A 137 134 133 135 132 129 131 130 128 127 129 129 131 131 
B 122 119 118 119 116 115 116 115 114 114 115 116 116 116 
C 111 108 107 108 106 104 106 104 " 104 103 104 104 104 104 
Above normal months 
C 97 98 98 95 94 100 96 98 97 98 94 95 95 97 
X 88 90 88 91 91 87 90 89 90 88 92 90 91 90 
Y 71 72 70 73 73 69 72 70 72 70 74 72 73 72 
Z 52 54 51 54 55 49 53 51 54 51 57 53 54 53 
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In Table 4, Model A, with an average increase ranging from 2 3% to 
28% and a median of 26% for all months combined, agrees quite well with 
seeding results claimed in the past by some commercial seeders. Model C 
with its median of +1% among the 13 regions and fluctuations between 
increases and decreases (see tables in Appendix) would satisfy the past 
attitude of certain cloud physicists better. Model C would also be more 
realistic of the net seeding effects expected in the Illinois region with 
continuous seeding, based upon latest findings from the Missouri Whitetop 
data (Braham and Flueck, 1970); that is, seeding may increase or decrease 
the summer rainfall depending upon existing atmospheric conditions of 
moisture and stability. 
When the increase models are applied to below-normal months only, 
their effectiveness increases somewhat as indicated by the change in 
median values in Table 4. Percentagewise, the decrease models are somewhat 
less effective in above-normal months than in all months combined; however, 
the actual decrease in inches of water would be more in much above-normal 
months than in a near-normal month. 
The effect of the various models on monthly rainfall distributions is 
illustrated further in Fig. 4. This figure shows frequency distribution 
curves for Region US derived from July daily rainfall data during the 
38-year sampling period. For each model, considerable time variation exists 
in the net effect upon monthly rainfall. For example, the median value (50%) 
for Model E, is 144% of the regional median rainfall, or a seeding induced 
increase of 44%. However, Fig. 4 indicates that in a given year selected 
at random there is a 5% probability that the seeding-induced increase in 
July total rainfall will equal or exceed 62% of the natural monthly rainfall 
in Region US. A similar probability exists that the seeding-induced 
increase will be 28% or less. This range in the net effect of Model E 
results from year-to-year variability in the natural distribution of 
daily rainfall. 
The time variability in the effectiveness of rain augmentation with 
a given model, as illustrated in Fig. 4, indicates that seeding success 
may vary substantially between years with application of the same seeding 
method. In turn, this provides a partial explanation for the controversial 
results obtained in past cloud seeding experiments and commercial operations, 
and, at the same time, vividly portrays one of the obstructions in the path 
of statistical verification of cloud seeding effectiveness. 
Seeding Effects on Corn Yields 
Seeding effects were determined through derivation of frequency distri-
butions of corn yield gains or losses in each region when various hypothe-
tical seeding models were applied. Frequency distributions were derived 
for assumed seeding periods of 1, 2, 3, and 5 consecutive years. This 
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Figure 4. Effect of applying variable-change models 
to July rainfall in Region 11S 
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was done to provide information on the magnitude of benefits (or disbene-
fits) with increasing length of seeding operations. 
The above frequency distributions were derived in the following manner 
from the empirically-derived prediction equations. 
1. A yield series was calculated for each region with 1968 technology 
and observed weather during the 19 31-1968 period. 
2. A second yield series was calculated for each region using each 
hypothetical seeding model. 
3. The estimated gain (loss) in yield was found by subtracting 1 from 
2. These differences were then used to construct the frequency 
distributions. 
Analyses of regional corn yields with the derived prediction equations 
indicated that seeding effectiveness increases with improvements in tech-
nology due to the interaction between technology and weather factors. This 
problem was overcome by normalizing yields in the long-term observational 
period (1931-1968) to a single technology level, that existing in the latest 
year in the sampling period (1968). Use of the 1968 technology level makes 
analytical results more representative of present seeding potential. Fur-
thermore, Berry (1970) has shown that the percent of corn acreage fertilized 
in Illinois is approaching its maximum, and the rates of application are 
increasing but at a decreasing rate. Both conditions suggest that Illinois 
farmers are approaching or have approached the economic maximum amount of 
fertilizer on corn. The use of 1968 technology merely involved recalcula-
tion of the 1331-1968 yields with the appropriate prediction equation, using 
the 196 8 level for each year rather than the technology level that actually 
existed in each year. 
The variable-change models (Table 1) were applied first to the 19 31-
196 8 data in each of the 13 regions to evaluate potential benefits to corn 
yields. Table 5 shows calculated yield differences in Region US for 
several of the variable-change models. These differences were computed for 
each region and each model and formed the basis for the derived frequency 
distributions of yield changes. 
Fig. 5 illustrates the differential effect of seeding operations conducted 
over periods of 1 to 5 years in duration. Probability curves are shown for 
corn yield changes (bu/acre) for Model A in Region US. The 2-, 3-, and 
5-year curves were constructed from moving averages of yield changes in the 
38-year sampling period. As expected, the possibility of a major benefit is 
greater in a single-year operation (selected at random), but the possibility 
of a disbenefit (yield loss) is also greater with short-period operations. 
In this particular case, the probability of a yield gain is 73% with a single-
year operation and 96% with a 5-year randomized operation. 
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Table 5. Corn yield differences (bu/acre) for given 
seeding model in Region U S . 
D e p a r t u r e 
Rain from 
Year E A B C X Y Z ( i n c h e s ) normal 
1931 +1 .4 - 2 . 2 - 4 . 2 - 7 . 1 - 8 . 2 - 1 1 . 0 - 1 3 . 4 7 .88 + 1 . 4 1 
32 +7.0 +3 .6 + 0 . 4 - 1 . 8 - 3 . 9 - 7 . 3 - 1 0 . 2 8 .24 +1 .77 
33 +0 .7 - 0 . 4 - 1 . 5 - 2 . 4 - 1 . 7 - 3 . 2 - 4 . 9 5 .08 - 1 . 3 9 
34 +0.2 + 0 . 1 - 0 . 1 - 0 . 5 - 0 . 5 - 1 . 6 - 3 . 2 8.39 +1 .92 
35 +2 .5 + 1 . 1 - 0 . 1 - 1 . 1 - 2 . 8 - 4 . 5 - 6 . 4 4 .59 - 1 . 8 8 
36 +3.2 + 2 . 4 + 1 . 8 +1.2 - 0 . 5 - 1 . 6 - 3 . 0 2 .46 -4.01 
37 +6 .7 +5 .0 + 3 . 4 +2.0 - 0 . 2 - 3 . 0 - 6 . 5 5 .10 - l . 3 7 
3 8 +1 .5 + 1 . 5 +1 .0 + 0 . 3 - 0 . 4 - 2 . 5 - 5 . 6 8 .73 +2.26 
3 9 +6 .4 + 3 . 1 + 2 . 1 +0 .8 - 2 . 1 - 4 . 6 - 7 . 2 6 .69 +0 .22 
1940 +0 .5 - 0 . 6 - 1 . 5 - 1 . 9 - 3 . 3 - 3 . 9 - 4 . 8 2 .92 - 3 . 5 5 
41 + 5 . 1 +3 .9 +2 .7 +1.8 - 0 . 9 - 3 . 0 - 5 . 7 4 . 7 3 - 1 . 7 4 
42 + 2 . 3 + 1 . 3 + 0 . 3 - 0 . 7 - 1 . 0 - 2 . 9 - 5 . 3 6 . 8 8 + 0 . 4 1 
43 +2 .4 + 1 . 3 + 0 . 4 - 0 . 4 - 1 . 2 - 2 . 6 - 4 . 5 2 . 3 1 - 4 . 1 6 
4 4 +7.0 +3 .9 + 1 . 4 - 0 . 1 - 2 . 8 - 5 . 2 - 7 . 7 6 .56 +0.09 
45 +2.9 +0 .7 - 1 . 0 - 2 . 3 - 4 . 7 - 6 . 4 - 8 . 9 5 .76 - 0 . 7 1 
4 6 +1 .5 - 3 . 1 - 6 . 6 - 9 . 1 - 1 1 . 4 - 1 5 . 1 - 1 8 . 8 9 . 0 3 +2 .56 
4 7 +7 .4 + 4 . 5 +1 .9 - 0 . 3 - 0 . 9 - 5 . 4 - 9 . 3 6 . 6 1 + 0 . l 4 
4 8 - 3 . 9 - 1 . 7 - 0 . 5 - 0 . 2 +0 .7 + 0 . 3 - 2 . 1 9 .16 +2.69 
49 +3 .5 +1 .8 +0 .5 - 0 . 2 - 3 . 4 - 4 . 2 - 5 . 8 4 . 2 9 - 2 . l 8 
1950 +12.6 +7 .6 +3 .7 +1.0 - 2 . 9 - 7 . 3 - 1 1 . 2 8 . 8 1 +2 .34 
5 1 +4 .5 + 3 . 2 +1 .8 +0.6 - 1 . 7 - 4 . 5 - 8 . 1 6 .67 +0.20 
52 + 3 . 3 + 2 . 3 + 1 . 1 +0.2 - 1 . 1 - 3 . 2 - 5 . 8 4 . 5 2 - 1 . 9 5 
53 +2.0 +1 .0 + 0 . 1 - 0 . 8 - 1 . 0 - 2 . 6 - 4 . 3 2 . 8 1 - 3 . 6 6 
54 +3.0 + 2 . 1 - 0 . 1 - 1 . 3 - 4 . 0 - 5 . 9 - 7 . 5 6 .00 - 0 . 4 7 
55 +0 .7 +1 .0 +0 .7 + 0 . 3 - 0 . 1 - 1 . 9 - 4 . 6 6 .22 - 0 . 2 5 
56 +0.2 - 1 . 8 - 4 . 4 - 4 . 6 - 6 . 8 - 1 0 . 2 - 1 2 . 9 6 . 4 8 +0.01 
57 + 3 . 1 +2 .2 + 1 . 1 0 - 0 . 7 - 3 . 1 - 6 . 2 7 .94 +1.47 
58 - 1 2 . 2 - 5 . 5 - 1 . 1 +1.6 +2.0 +4 .2 +3 .4 1 3 . 8 8 + 7 . 4 1 
5 9 +15 .3 + 8 . 3 + 2 . 5 - 2 . 0 - 2 . 4 - 1 0 . 0 - 1 6 . 8 10 .62 + 4 . l 5 
1960 + 5 . 8 +4 .0 + 2 . 4 + 1 . 1 - 0 . 1 - 2 . 6 - 5 . 4 5.10 - 1 . 3 7 
6 1 +1 .4 + 1 . 3 + 0 . 7 - 0 . 1 - 0 . 4 - 2 . 5 - 5 . 6 9 .49 +3 .02 
62 +5.6 +3 .9 +2 .2 +0 .8 +0 .2 - 2 . 3 - 5 . 0 7 .06 +0.59 
6 3 + 1 . 3 + 1 . 1 +0 .5 - 0 . 5 - 0 . 8 - 3 . 2 - 6 . 8 7 .16 +0.69 
64 +5.0 + 3 . 4 + 2 . 1 +0.9 - 1 . 0 - 3 . 1 - 5 . 5 5 .55 - 0 . 9 2 
65 +5.6 + 3 . 4 +1 .6 +0 .2 - 1 . 4 - 3 . 5 - 5 . 6 6 .26 - 0 . 2 1 
66 +3 .8 + 2 . 3 +1 .2 +0 .5 - 1 . 7 - 2 . 6 - 3 . 5 4 .70 - l . 7 7 
6 7 + 2 . 3 +0 .8 - 0 . 7 - 2 . 0 - 4 . 0 - 6 . 9 - 1 0 . 4 6 .49 + 0 . 0 2 
68 + 2 . 8 + 1 . 3 + 0 . 8 - 1 . 0 - 2 . 8 - 4 . 7 - 6 . 7 4 . 6 3 - l . 8 4 
No. + 36 31 26 15 3 2 1 
No. - 2 7 12 22 35 36 37 
Mean + 3 . 3 + 1 . 8 + 0 . 4 - 0 . 7 - 2 . 1 - 4 . 3 - 6 . 9 6 .47 
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Figure 5. D i f f e r e n t i a l e f f e c t s of 1- to 5_year seeding opera t ions on 
average corn y i e l d s in Region 11S 
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In Fig. 6, the variance in seeding benefits that may occur between 
regions and between different models in the same region is illustrated. 
Fig. 6a shows comparative frequency distributions of corn in four regions, 
based on Model A and a single-year type of operation. As indicated by the 
intersection of the regional curves with the zero yield-change line, the 
probability of a yield benefit is 73% for Region 11S, 90% for Region 10 in 
the northern part of the state, and 92% for Region 3 in east central Illinois. 
This differential reaction to seeding is related to soil and climatic dif-
ferences between regions and possibly to differences in utilization of 
available technological gains. 
Fig. 6b illustrates the comparative yield changes with corn obtained 
from use of several variable-change models based on a single-year operation 
in Region US. Model X was intended to be a decrease model. Model C turns 
out to be a decrease model more frequently than an increase model, whereas A 
and B are increase models, on the average. From Fig. 6b, it is apparent 
that the rainfall yield from seeding must be well understood and well con-
trolled under operational conditions to benefit materially corn yields over 
a substantial period of time in Illinois. Otherwise, there is danger of 
producing a long-term disbenefit. The danger potential is also related to 
forecasting capability, and there is need for both seeding control and pre-
cipitation forecasting for efficient utilization of weather modification. 
Table 6 shows average corn yield differences associated with the variable-
change models for each of the 13 regions , along with median values and a 
weighted state average. This table was computed on the assumption of a 
continuous year-to-year seeding program. Yield differences have been expressed 
in both bu/acre and percentage gain or loss to define the seeding effects. 
Except in Region 5, the increase models (E, A, B) are most effective over 
the long term. In Region 5,in the extreme southern part of the state only 
a small percentage of the area is in crops and much of this in the wet soils 
of the river bottom lands. Thus, in this one region of the state, cloud 
seeding to augment July-August rainfall would usually be harmful rather 
than helpful to the corn crop, as indicated by the statistics in Table 6. 
In most regions, Model E with its relatively large increases in July-
August rainfall is the most effective model. In Regions 7 and 9 where the 
maximum benefits were obtained from the hypothetical seeding (Table 6), 
Model E was the most effective model in 35 and 37 years, respectively, during 
the 38-year sampling period. Table 7 shows the number of years in which 
each model was the optimum model in each region. From this table, it appears 
that in most years in the majority of the regions corn yields would be 
increased by moderate to large increases in the July-August rainfall. In 
10 of the 13 regions, the decrease model (X, Y, Z) qualified as the optimum 
model in 3 years or less during the 38-year sampling period. 
Tables 8 to 12 in Part II (Appendix) of this Final Report provide more 
detailed information on corn yield benefits and disbenefits for seeding 
operations of 1 to 5 years in duration with the variable-change models. In 
a. R e g i o n a l c o m p a r i s o n s o f Model A b . Model c o m p a r i s o n s in Reg ion 11S 
F i g u r e 6 . Compara t i ve f r e q u e n c y d i s t r i b u t i o n s o f co rn y i e l d changes f r o m s e e d i n g 
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Table 6. Average yield differences for corn resulting from 
continuous application of variable-change models. 
Yield differences (bu/acre) for each given model 
Region E A B C X Y Z 
1 -1.0 +0.8 +1.2 +1.0 -2.3 -5.7 -11.6 
2 +2.8 +1.4 +0.2 -0.7 -1.6 -3.1 -4.6 
3 +6.2 +3.5 +1.8 +0.5 -0.8 -2.8 -4.9 
4 +4.5 +3.8 +2.6 +1.3 -2.4 -6.3 -12.0 
5 -2.1 -1.1. -0.3 +0.3 +0.5 +1.3 +1.8 
6 +0.5 +0.5 -0.2 -1.1 -3.6 -6.9 -11.8 
7 +11.0 +6.7 +3.0 -0.1 -3.6 -8.9 -14.6 
8 +4.8 +2.4 +0.3 -1.4 -3.9 -7.3 -11.0 
9 +11.4 +5.9 +1.8 -1.2 -3.1 -6.9 -9.7 
10 +9.6 +4.2 +1.7 -2.0 -7.4 -15.8 -26.8 
U S +3.3 +1.8 +0.4 -0.7 -2.1 -4.3 -6.9 
UN +5.9 +3.2 +1.0 -0.8 -2.5 -5.4 -8.3 
12 +1.4 +0.3 +0.3 -0.4 -1.5 -3.1 -5.3 
Median +4.5 +2.4 +1.0 -0.7 -2.4 -5.7 -9.7 
Average +5.2 +2.6 +0.9 -0.9. -3.7 -7.8 -13.1 
Yield difference (%) for each given model 
Region E A B C X Y Z 
1 -1.2 +0.9 +1.4 +1.2 -2.7 -6.8 -13.8 
2 +3.1 +1.5 +0.2 -0.8 -1.7 -3.4 -5.0 
3 +6.6 +3.7 +1.9 +0.5 -0.9 -3.0 -5.2 
4 +6.5 +5.5 +3.7 +1.9 -3.4 -9.0 -17.2 
5 -3.5 -1.8 -0.5 +0.5 +0.8 +2.1 +3.0 
6 +0.5 +0.5 -0.2 -1.2 -3.9 -7.4 -12.7 
7 +14.6 +8.9 +4.0 -0.1 -4.8 -11.9 -19.4 
8 +6.8 +3.4 +0.4 -2.0 -5.5 -10.3 -15.5 
9 +12.3 +6.4 +1.9 -1.3 -3.3 -7.4 -10.5 
10 +10.1 +4.4 +1.8 -2.1 -7.8 -16.7 -28.3 
11N +6.8 +3.7 +1.2 -0.9 -2.9 -6.3 -9.6 
11S +4.9 +2.7 +0.6 -1.0 -3.1 -6.4 -10.3 
12 +1.5 +1.0 +0.3 -0.4 -1.6 -3.4 -5.7 
Median +5.2 +2.8 +1.2 -0.8 -2.8 -6.6 -11.2 
Average +5.8 +2.9 +1.0 . -1.0 -4.1 -8.7 -14.6 
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Tab le 7 . Optimum v a r i a b l e - c h a n g e models 
f o r corn and s o y b e a n s . 
co rn 
Number of y e a r s f o r each model 
Region 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11N 
11S 
12 
Median 
E 
17 
34 
34 
30 
2 
21 
35 
37 
37 
36 
37 
35 
28 
34 
A 
2 
0 
1 
1 
1 
3 
2 
0 
0 
2 
0 
1 
1 
1 
B 
5 
0 
0 
2 
1 
2 
0 
0 
0 
0 
0 
0 
2 
0 
C 
3 
1 
0 
4 
1 
5 
0 
0 
0 
0 
0 
0 
4 
0 
X 
2 
0 
0 
0 
4 
5 
0 
1 
0 
0 
0 
1 
1 
0 
Y 
7 
1 
0 
0 
2 
1 
0 
0 
0 
0 
1 
1 
0 
0 
z 
2 
2 
3 
1 
27 
1 
1 
0 
1 
0 
0 
0 
2 
1 
EAB 
24 
34 
35 
33 
4 
26 
37 
37 
37 
38 
37 
36 
31 
XYZ 
11 
3 
3 
1 
33 
7 
1 
1 
1 
0 
1 
2 
3 
soybeans 
Number of y e a r s f o r each model 
Region 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11N 
11S 
12 
Median 
E 
30 
19 
11 
32 
18 
25 
34 
37 
38 
30 
37 
36 
26 
30 
A 
2 
0 
6 
2 
0 
6 
2 
1 
0 
3 
1 
1 
4 
2 
B 
1 
0 
7 
1 
0 
5 
2 
0 
0 
2 
0 
1 
3 
1 
C 
1 
2 
7 
3 
0 
2 
0 
0 
0 
2 
0 
0 
3 
1 
X 
0 
3 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
Y 
0 
5 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
z 
4 
9 
2 
0 
20 
0 
0 
0 
0 
0 
0 
0 
0 
0 
EAB 
33 
19 
24 
35 
18 
36 
38 
38 
38 
35 
38 
38 
33 
XYZ 
4 
17 
7 
0 
20 
0 
0 
0 
0 
1 
0 
0 
2 
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these t a b l e s , the frequency d i s t r i b u t i o n of y i e l d changes of var ious mag-
n i tude are presented for each model and each r eg ion . Because the frequency 
d i s t r i b u t i o n curves for the various o p e r a t i o n a l per iods are often non-
symet r i ca l and t h e r e are round-off and i n t e r p o l a t i o n e r r o r s involved in 
cons t ruc t i ng Tables 8 to 12 in Par t I I , t he median values (50%) often d i f f e r 
by small amounts. This a l s o occurs in s i m i l a r types of t a b l e s p resen ted 
l a t e r . 
The same analyses performed with the var iab le-change models were repea ted 
for the constant-change models in s i x reg ions ( 3 , 6, 10 , 11N, 11S, and 12) 
s e l e c t e d to represen t the n a t u r a l y i e l d c h a r a c t e r i s t i c s r e s u l t i n g from 
var ious s o i l condi t ions and c l i m a t i c d i f f e rences wi th in the s t a t e . Table 
8 shows the average y i e l d changes in both bu /ac re and percen t a s s o c i a t e d 
with the constant-change models. Tables 13 to 17 in the Appendix provide 
d e t a i l e d information on the frequency d i s t r i b u t i o n s a s soc i a t ed with each 
constant-change model for 1-year to 5-year seeding opera t ions in each of 
the 6 r eg ions . 
Seeding Effects on Soybeans Yields 
The analyses performed in the i n v e s t i g a t i o n of p o t e n t i a l e f f ec t s of cloud 
seeding on corn y i e l d s were repea ted for soybeans. Table 9 is s i m i l a r to 
Table 5 and provides a measure of t h e y e a r - t o - y e a r y i e l d changes in soybeans 
r e s u l t i n g from a p p l i c a t i o n of the var iab le -change seeding models in Region 
U S , with 1968 technology used in the r e g i o n a l p r e d i c t i o n equa t ion . Again, 
computations such as t he se were made for each seeding model in each reg ion 
to provide the data for de r iva t i on of the frequency d i s t r i b u t i o n of soybeans 
y i e l d changes. 
Fig . 7 is s i m i l a r to Fig . 5 and i l l u s t r a t e s a t y p i c a l s e t of soybean 
frequency curves . Fig. 7 is based upon Model A appl ied to data for Region U S . 
A s u b s t a n t i a l decrease in temporal v a r i a b i l i t y occurs between the curves for 
s i n g l e - y e a r and 2-year seeding opera t ions , a f t e r which only s l i g h t changes 
occur as the seeding e f f ec t is averaged over consecut ive 3-year and 5-year 
p e r i o d s . 
Fig . 8 shows a comparison of the seeding e f f ec t s from a p p l i c a t i o n of Model 
A to corn and soybeans in Region U S , in the south c e n t r a l p a r t of the s t a t e 
where s o i l c h a r a c t e r i s t i c s and cl imate are such t h a t seeding could conceivably 
be a major a s s e t . These curves i l l u s t r a t e a proper ty t y p i c a l of a l l models 
and most r e g i o n s ; t h a t i s , the y e a r - t o - y e a r cloud seeding e f fec t va r i e s more 
with corn than with soybean y i e l d s . Thus, t he p r o b a b i l i t y of a l a r g e seed ing-
induced y i e l d increase is more l i k e l y with corn , but a l a r g e r decrease may 
occur a l s o . As shown in t h i s f i g u r e , a continuous y e a r - t o - y e a r seeding p ro -
gram in Region US with a Model A c a p a b i l i t y would inc rease bean y i e l d s in 
84% of the years and corn y i e l d s in 73% of the y e a r s . 
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Table 8. Average yield differences for corn resulting from 
continuous application of constant-change models. 
Yield differences (bu/acre) for each seeding model 
Region +40% + 25% +12% -15% -30% 
3 -0.2 +0.1 -0.3 -3.1 -5.9 
6 +6.0 +4.2 +2.6 -0.3 -1.8 
10 +10.6 +7.6 +4.1 -6.2 -13.5 
11N +7.6 +4.7 +2.2 -2.6 -5.0 
11S +4.7 +3.0 +1.4 -1.9 -3.9 
12 +1.2 +1.0 +0.6 -1.1 -2.4 
Yield difference (%) for each seeding model 
Region +40% +25% +12% -15% -30% 
3 -0.2 +0.1 -0.3 -3.3 -6.3 
6 +6.5 +4.5 +2.8 -0.3 -1.9 
10 +11.2 +8.0 +4.3 -2.6 -5.3 
11N +8.8 +5.4 +2.5 -3.0 -5.8 
11S +7.0 +4.5 +2.1 -2.8 -5.8 
12 +1.3 +1.1 +0.6 -1.2 -2.6 
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Tab le 9 . Soybean y i e l d d i f f e r e n c e ( b u / a c r e ) f o r g i v e n 
s e e d i n g model in Region 11S. 
D e p a r t u r e 
Rain from 
E A B C X Y Z ( i n c h e s ) n o r m a l 
1931 + 1 . 3 +0 .5 - 0 . 4 - 1 . 4 - 1 . 9 - 3 . 9 - 6 . 4 7 .88 + 1 . 4 1 
32 +1.4 +0 .8 0 - 0 . 7 - 1 . 5 - 3 . 4 - 5 . 9 8 .24 +1 .77 
33 +1.4 +0 .6 - 0 . 3 - 0 . 9 - 1 . 7 - 2 . 9 - 4 . 4 5 .08 - 1 . 3 9 
34 - 1 . 2 - 1 . 2 - 1 . 4 - 1 . 7 - 2 . 2 - 2 . 8 - 3 . 9 8.39 +1 .92 
35 +2.7 +1 .7 +0 .8 + 0 . 1 - 1 . 2 - 2 . 6 - 4 . 2 4 .59 - 1 . 8 8 
36 + 0 . 1 + 0 . 1 + 0 . 1 + 0 . 1 - 0 . 3 - 0 . 4 - 0 . 5 2 .46 - 4 . 0 1 
37 +2.7 +1 .6 +0 .7 - 0 . 2 - 1 . 4 - 3 . 1 - 5 . 0 5.10 - 1 . 3 7 
3 8 - 0 . 4 - 0 . 5 - 0 . 8 - 1 . 1 - 1 . 4 - 2 . 5 - 4 . 0 8 .73 +2.26 
39 +3.0 +1 .9 +0 .8 - 0 . 1 - 1 . 3 - 3 . 2 - 5 . 6 6 .69 +0 .22 
1940 +2.5 +1.6 +0 .8 +0 .2 - 1 . 2 - 2 . 3 - 3 . 7 2 .92 - 3 . 5 5 
41 +1.2 +0 .7 + 0 . 3 - 0 . 1 - 1 . 1 - 2 . 1 - 3 . 4 4 . 7 3 - 1 . 7 4 
42 + 2 . 1 +1 .2 + 0 . 3 - 0 . 4 - 1 . 3 - 2 . 8 - 4 . 7 6 .88 + 0 . 4 1 
43 - 0 . 2 - 0 . 6 - 0 . 9 - 1 . 1 - 1 . 8 - 2 . 2 - 2 . 7 2 . 3 1 - 4 . 1 6 
4 4 +2.2 + 1 . 3 +0 .4 - 0 . 4 - 0 . 9 - 2 . 5 - 4 . 7 6 .56 +0.09 
45 +0.9 - 0 . 4 - 1 . 7 - 2 . 8 - 3 . 2 - 5 . 1 - 7 . 5 5 .76 - 0 . 7 1 
4 6 +0.2 - 0 . 9 - 2 . 1 - 3 . 4 - 3 . 2 - 5 . 5 - 8 . 5 9 . 0 3 +2 .56 
47 +2.5 +1.6 +0.6 - 0 . 3 - 0 . 5 - 2 . 6 - 4 . 7 6 . 6 1 +0 .14 
48 +1.6 + 1 . 3 +0 .9 +0 .5 - 0 . 9 - 1 . 9 - 3 . 7 9 .16 +2.69 
49 +2 .7 +1 .4 +0 .2 - 0 . 7 - 2 . 6 - 4 . 4 - 6 . 6 4 .29 - 2 . 1 8 
1950 +3.9 +2.6 +1 .2 - 0 . 1 - 1 . 2 - 3 . 9 - 7 . 2 8 .81 +2 .34 
5 1 + 3 . 1 + 1 . 8 +0.6 - 0 . 4 - 2 . 0 - 4 . 2 - 6 . 9 6 .67 +0 .20 
52 +2.7 +1 .8 +1 .2 +0 .5 - 1 . 3 - 2 . 5 - 4 . 1 4 .52 - 1 . 9 5 
53 +2.6 +1 .7 + 1 . 1 +0 .5 - 1 . 0 - 1 . 9 - 2 . 9 2 . 8 1 - 3 . 6 6 
54 + 2 . 1 +1 .4 +0 .6 0 - 1 . 3 - 2 . 9 - 5 . 0 6 .00 - 0 . 4 7 
55 - 0 . 3 - 0 . 4 - 0 . 5 - 0 . 8 - 1 . 2 - 1 . 8 - 2 . 7 6 .22 -0 .25 
56 +2 .8 +1 .2 - 0 . 6 - 1 . 4 - 3 . 7 - 6 . 2 - 9 . 2 6 .48 + 0 . 0 1 
57 + 4 . 1 + 3 . 1 +2.0 + 1 . 1 - 1 . 0 - 3 . 1 - 5 . 8 7 .94 +1 .47 
58 - 0 . 6 +0 .2 +0 .4 + 0 . 3 - 0 . 8 - 2 . 1 - 4 . 4 13 .88 + 7 . 4 1 
59 + 1 . 3 +1.0 +0 .5 - 0 . 1 - 0 . 8 - 2 . 0 - 4 . 1 10 .62 +4 .15 
1960 +2.9 +1 .5 + 0 . 3 - 0 . 7 - 2 . 6 - 4 . 5 - 6 . 7 5.10 - 1 . 3 7 
6 1 +3.2 +2 .2 +1 .2 + 0 . 1 - 0 . 7 - 2 . 8 - 5 . 6 9.49 +3 .02 
62 +4.6 + 3 . 1 +1 .7 +0.6 - 1 . 6 - 4 . 0 - 6 . 9 7.06 +0.59 
6 3 +1.9 +0 .7 - 0 . 3 - 1 . 2 - 3 . 1 - 5 . 0 - 7 . 5 7.16 +0.69 
64 +4.0 +2 .7 +1.6 +0 .6 - 1 . 0 - 3 . 1 - 5 . 4 5.55 - 0 . 9 2 
65 +3 .7 + 2 . 3 +0.9 - 0 . 4 - 1 . 2 - 3 . 5 - 6 . 3 6.26 - 0 . 2 1 
66 +2.9 +1.6 +0 .4 - 0 . 5 - 2 . 2 - 4 . 1 - 6 . 3 4.70 - 1 . 7 7 
6 7 +5 .5 + 3 . 3 + 1 . 4 - 0 . 1 - 3 . 4 - 6 . 4 - 1 0 . 0 6.49 +0 .02 
68 + 2 . 1 +0.9 + 0 . 1 - 1 . 0 - 1 . 9 - 3 . 6 - 5 . 5 4 . 6 3 - 1 . 8 4 
No. + 33 32 27 11 0 0 0 
No. - 5 6 10 26 38 38 38 
Mean + 2 . 1 +1 .2 + 0 . 3 - 0 . 5 - 1 . 6 - 3 . 3 - 5 . 3 6 .47 
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Figure 7. Frequency distributions of soybean yield 
changes, Model A, Region 11S 
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Figure 8. Comparison of corn-soybean frequency distributions, Model A, 
Region 11S, 1-year operation 
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Table 10 is similar to Table 6 and shows average differences in soybean 
yields associated with the variable-change models in each of the 13 regions , 
along with regional median values and the state average. These tables show 
that from a percentage standpoint the average yield change for the state is 
strikingly similar between corn and soybeans with the variabile-change models. 
Also, from Table 10 it is apparent that the general reaction to application 
of the various models is similar for both crops. As indicated by the medians, 
yields are optimized for both corn and beans most frequently with the increase 
models and Model E is the most frequent optimum among the increase models. 
More detailed information on the probability of soybean benefits from seeding 
with the variable-change models is contained in Tables 18 to 22 in the Appendix. 
Table 11 shows average yield changes for soybeans using the constant-
change seeding models in six representative regions. Tables 23 to 26 in the 
Appendix provide detailed information on the frequency distributions associated 
with each of the constant-change models with assumed seeding operations of 1 
to 5 years in duration. 
Economic Analyses of Seeding Effects 
After determining the frequency distributions of seeding-induced changes 
in corn and soybean yields for the various regions and models, the next 
problem was how to perform the economic evaluation of the seeding effects. 
After considerable deliberation on this problem, it was decided to pool the 
annual benefits (disbenefits) to each crop. From these pooled data, economic 
frequency distributions were computed in which dollar gains or losses were 
related to probability of occurrence. These economic frequency distributions 
were based upon use of average corn and soybean prices in the 1965-1969 period 
and their regional acreage distribution in 1967 (see Table 73 in Appendix). 
Corn and soybean prices used in the calculations were $1.13 and $2.56 per 
bushel, respectively. Specifically, economic benefits were expressed as 
added income per seeded acre, excluding seeding costs which are relatively 
small ($0.05-$0.15 per acre per year from present estimates). 
Fig. 9 illustrates the type of results obtained in the economic analyses. 
This figure shows the frequency distribution of economic benefits in Region 11S 
resulting from application of several of the variable-change seeding models. 
Income differences in dollars per seeded acre have been plotted against prob-
ability in percent based upon single-year seeding operations. That is, the 
probabilities represent values for a crop-growing season selected at random. 
Frequency distributions similar to those in Fig. 9 were computed for each 
region, each seeding model, and seeding operations having a duration of 1, 2, 
3, and 5 years. 
The optimum curve in Fig. 9 represents the income gain assuming the seeder 
has the capability to select the best variable-change model for use in any 
given year. As pointed out earlier, Models E and A are definite increase models, 
Model C is a cross-over model with nearly equal probability of producing gains 
or losses in a given year selected at random, and Model X is a decrease model 
which would be used only to suppress rainfall in overly wet years. 
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Table 10. Average yield differences for soybeans resulting from 
continuous application of variable-change models. 
Yield difference (bu/acre) for each given model 
Region E A B C X Y Z 
1 +1.9 +1.2 +0.5 +0.1 -0.7 -1.6 -2.5 
2 -1.3 -1.2 -1.1 +1.0 -1.3 -1.3 -1.4 
3 -0.5 0 +0.1 +0.1 -0.3 -1.0 -2.1 
4 +2.0 +1.4 +0.9 +0.3 -0.7 -2.0 -3.7 
5 +0.3 +0.1 0 0 +0.1 +0.2 +0.5 
6 +1.1 +0.9 +0.3 -0.3 -1.8 -3.7 -6.4 
7 +2.2 +1.5 +0.8 +0.1 -1.0 -2.6 -4.7 
8 +2.1 +1.1 +0.2 -0.7 -1.9 -3.6 -5.7 
9 +3.7 +2.1 +0.8 -0.2 -1.3 -2.9 -4.7 
10 +1.1 +0.7 +0.3 -0.2 -1.0 -2.2 -3.9 
U S +2.1 +1.2 +0.3 -0.5 -1.6 -3.3 -5.3 
U N +1.9 +1.2 +0.4 -0.3 -1.2 -2.5 -4.2 
12 +0.6 +0.4 +0.2 -0.1 -0.6 -1.4 -2.5 
Median +1.9 + 1 . 1 + 0 . 3 - 0 . 1 - 1 . 0 - 2 . 2 - 3 . 9 
Average +1.2 +0 .8 + 0 . 3 - 0 . 2 - 1 . 2 - 2 . 5 - 4 . 2 
Y i e l d d i f f e r e n c e (%) f o r each g i v e n model 
Region __E A B C X Y Z 
1 +7 .2 +4.6 +1.9 +0 .4 - 2 . 7 - 6 . 1 - 9 . 5 
2 - 4 . 0 - 3 . 6 - 3 . 3 +3.0 - 4 . 0 - 4 . 0 - 4 . 3 
3 - 1 . 6 0 + 0 . 3 + 0 . 3 - 1 . 0 - 3 . 2 - 6 . 8 
4 +8 .7 + 6 . 1 +3.9 + 1 . 3 - 3 . 1 - 8 . 7 - 1 6 . 2 
5 + 1 . 3 +0 .4 0 0 +0 .4 +0 .8 + 2 . 1 
6 +3 .5 +2 .8 +0.9 - 0 . 9 - 5 . 7 - 1 1 . 7 - 2 0 . 3 
7 + 9 . 3 +6 .4 +3 .4 +0 .4 - 4 . 2 - 1 1 . 0 - 1 9 . 9 
8 +8 .5 +4 .5 +0 .8 - 2 . 8 - 7 . 7 - 1 4 . 6 - 2 3 . 2 
9 +12 .4 +7.0 +2 .7 - 0 . 7 - 4 . 3 - 9 . 7 - 1 5 . 7 
10 +3.6 + 2 . 3 +1.0 - 0 . 6 - 3 . 2 - 7 . 1 - 1 2 . 6 
U N +7.0 +4 .4 +1 .5 - 1 . 1 - 4 . 4 - 9 . 2 - 1 5 . 5 
U S +10.2 +5.9 +1 .5 - 2 . 4 - 7 . 8 - 1 6 . 1 - 2 5 . 9 
12 +2.0 +1 .4 +0 .7 - 0 . 3 - 2 . 0 - 4 . 7 - 8 . 4 
Median +7.0 +4.1 +1.1 -0.4 -3.7 -8.1 -14.4 
Average +4.2 +2.8 +1.0 -0.7 -4.2 -8.7 -14.7 
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Table 11. Average yield differences for soybeans resulting from 
continuous application of constant-change models. 
Yield differences (bu/acre) for each seeding model 
Region +40% +25% +12% -15% -30% 
3 -0.3 0.0 +0.1 -0.4 -1.0 
6 +1.2 +1.2 +0.7 -1.1 -2.7 
10 +0.9 +0.7 +0.5 -0.8 -1.8 
11N +2.2 +1.5 +0.7 -1.1 -2.2 
U S +2.3 +1.6 +0.9 -1.2 -2.7 
12 +0.2 +0.3 +0.2 -0.4 -1.0 
Yield difference (%) for each seeding model 
Region +40% +25% +12% -15% -30% 
3 -1.0 0.0 +0.3 -1.3 -3.2 
6 +3.8 +3.8 +2.2 -3.5 -8.5 
10 +2.9 +2.3 +1.6 -2.6 -5.8 
11N +8.1 +5.5 +2.6 -4.1 -8.1 
11S +11.2 +7.8 +4.4 -5.9 -13.2 
+0.7 +1.0 +0.7 -1.4 -3.4 
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Figure 9. Economic benefits in Region 11S resulting from use of 
variable-change models 
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One reason for the year-to-year variability in the efficiency of a given 
seeding model can be seen by referring back to Fig. 4, in which the frequency 
distribution of seeding-induced changes in the monthly rainfall for July in 
Region 11S are shown for the variable-change models of Fig. 9. Using Model A 
as an example, the median effect of this model is an increase of 26% over the 
naturally-occurring regional rainfall. However, in a year selected at random 
there is a 5% probability of a 42% increase in July rainfall and a similar 
probability of only a 14% increase. This variation is due to the natural 
temporal variability in the distribution characteristics of daily rainfall 
upon which the variable-change models operate. 
The time variability in the effectiveness of rain augmentation with a 
given model, as illustrated in Fig. 4, indicates that seeding success may 
vary substantially between years with application of the same seeding method. 
In turn, this provides a partial explanation for the controversial results 
obtained in past cloud seeding experiments and commercial operations, and, 
at the same time, vividly portrays one of the obstructions in the path of 
statistical verification of cloud seeding effectiveness. 
Table 12 provides an additional measure of the economic benefits that 
could be derived from application of variable-change seeding models. In this 
table, a comparison has been shown of the added income per seeded acre with 
various models, based upon median values for the 13 regions. Therefore, this 
provides an indication of the statewide benefit that could be attained. For 
each model, Table 12 shows the added income for selected probability levels. 
Also, the breakeven point, or the probability of an economic gain in a year 
selected at random is shown in the table. For example, assuming the entire 
state was being subjected to a seeding program, Model A indicates a probability 
of an income increase of $8.6 per acre in 5% of the years on a typical farm, 
a $2.5 or greater increase in 50% of the years, and a loss of $1.9 or more 
in 5% of the years (95% level). On the average Illinois farm, application of 
Model A would achieve an eccnomic gain in 77% of the years. 
Table 13 shows a comparison of the economic benefits with selected variable-
change and constant-change models in Region 11S. The average effect of Model E 
on monthly rainfall increase over the 1931-1968 sampling period was similar to 
the 40% constant-change model; that is, the 38-year average with Model E was 
approximately a 40% increase in total July-August rainfall. The average effect 
of Model A was nearly equal to the 25% constant-change model, and Model B was 
similar to the 12% constant-change model. Overall, the constant-change models 
were somewhat more effective in augmenting the July-August rainfall than were 
the equivalent variable-change models. Other analyses indicated that the variable 
models were somewhat more effective in near-normal years and the constant models 
considerably better in well below-normal years. This may be due primarily to 
the basic assumption of little or no seeding effect on heavy rainfall days 
in the variable models. In below-normal years, augmentation of rainfall on relatively 
-41-
Table 12. Comparison of added income per seeded acre with various 
seeding models, based on 13-region medians. 
Added income per acre (dollars) equalled 
or exceeded for given probability (%) 
Breakeven 
Model 5_ 10 20 30 50 70 90 95 Point (%) 
Optimum 12.5 11.0 9.0 7.4 5.4 2.8 0.0 -1.6 92 
E 12.4 10.5 8.8 7.1 4.2 2.5 -0.9 -3.2 85 
A 8.6 7.4 6.1 4.9 2.5 0.8 -0.9 -1.9 77 
B 5.8 4.4 3.8 2.6 1.1 -0.2 -2.6 -3.6 66 
C 3.4 2.4 1.6 0.8 -0.4 -1.4 -3.8 -5.1 42 
X 1.2 -0.1 -0.9 -1.5 -2.6 -3.8 -5.6 -8.8 10 
Table 13. Comparison of added income per seeded acre with various constant 
and variable-change seeding models in Region US 
Added income per acre (dollars) equalled 
or exceeded for given probability (%) 
Breakeven 
Model 5_ 10 20 30 50 70 90 95 Point (%) 
E 9.7 8.5 7.0 6.0 4.2 2.5 0.0 -2.2 90 
A 6.8 5.8 4.7 3.9 2.5 1.1 -0.9 -1.8 83 
B 3.6 3.2 2.6 2.0 1.0 -0.2 -2.3 -3.6 68 
40% 11.2 10.2 8.9 8.0 6.4 4.8 1.5 -2.4 93 
25% 7.3 6.6 5.7 5.1 4.1 3.1 0.8 -1.4 92 
12% 3.6 3.2 2.8 2.5 2.1 1.6 0.5 -0.5 93 
heavy rainfall days would be desirable as long as saturation did not occur. 
However, seeding effectiveness on such days is questionable (as assumed in 
the variable models) and undesirable if erosion is substantial. 
Fig. 10 is based upon use of the variable-change optimum model and illus-
trates how the economic benefits may vary between individual regions. Thus, 
Fig. 10 shows that Region 8 has the highest median income benefit among the 
four regions shown, but its year-to-year gain has a substantially greater 
range. The differences shown in Fig. 10 are believed to be related strongly 
to the soil properties of the regions, and, to a lesser extent, with climatological 
differences in daily rainfall distributions within the state. Region 8 is 
located in southern Illinois (Fig. 1) where soil conditions are such that 
seeding-induced rainfall would be more helpful, on the average, than in the 
central protion of the state where Region 3 is located. However, frequent 
rains are needed in southern Illinois, so that the year-to-year effectiveness 
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Figure 10. Variation of economic benefits between regions with 
variable-change models and optimum results 
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of the seeding model can vary substantially, based upon the time and intensity 
distribution characteristics of the naturally-occurring rainfall. Region 5 
in extreme southern Illinois is in a poor crop-yield area in which seeding 
could only produce very modest gains and in which the presence of "wet" 
soils would make rainfall modification of questionable value in many years. 
Up to this point, results of the economic benefits have been based upon 
a single-year analytical basis. As indicated earlier, similar analyses were 
made for 2-year, 3-year, and 5-year periods in which moving averages were 
used to obtain frequency distributions of yield benefits. Fig. 11 illustrates 
the differences in benefits when based upon a single-year analytical base and 
when averaged over periods of five consecutive years. This figure is based 
upon Model A applied to Region 11S. As expected, the range in income gains 
and losses is less when seeding results are averaged over a 5-year period. 
That is, the probability of a large gain is less, but the probability of a 
loss is also less when results are averaged over several years. 
Detailed summaries of the frequency distribution of economic benefits 
(disbenefits) are provided for each model in each region and for assumed 
seeding operations of 1 to 5 years in Tables 27 to 6 3 in the Appendix. These 
can serve as a base for estimating the desirability of seeding in various 
sections of the state. 
A basic finding that has emerged from the Illinois study is that strictly 
from the standpoint of probability of help or harm to corn and soybeans, it 
would usually be advantageous to initiate cloud seeding whenever a "dry spot" 
develops in the state. As shown in this report, the rain increase models are 
helpful the majority of the time over most of the state, even including 
relatively wet summers. For example, Model A, which normally produces mod-
erate increases in the July-August rainfall, provided beneficial results in 
77% of the years, on the average, for the state as a whole. However, this 
value ranged from near 50% to over 90% of the years among individual regions. 
Therefore, it is recommended that the detailed regional summaries in the 
Appendix be reviewed whenever seeding is contemplated in a particular region. 
The probability of success does vary considerably from the state average in 
several regions. 
SUPPLEMENTARY STUDIES 
Differential Effects of Seeding on Corn and Soybeans 
As part of the research, analyses were made of the differential effects 
of cloud seeding on the two crops, corn and soybeans , when variable-change 
models are employed. This was done 1) to provide another measure of the 
relative effectiveness of the hypothetical seeding models, 2) to determine 
the frequency with which opposite effects would occur between the two crops 
within a given region, and 3) to ascertain whether one crop benefited most 
frequently in the opposite-effect years. 
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Figure 11. Comparison of income benefit probabilities with 1-year and 5-year 
seeding operations in Region 11S with Model A 
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R e s u l t s f o r Region 1 1 S w i t h t h e t h r e e i n c r e a s e models ( E , A , B ) , t h e 
c r o s s - o v e r model ( C ) , and a d e c r e a s e model (X) a r e summarized in T a b l e 1 4 . 
D e t a i l e d summaries f o r a l l r e g i o n s a r e i n c l u d e d i n t h e Appendix a s T a b l e s 
64 t o 6 8 . 
Tab le 1 4 i n d i c a t e s r e s u l t s t o b e e x p e c t e d i n Region 11S under t h e w e a t h e r 
c o n d i t i o n s e x p e r i e n c e d in t h e 19 31-1968 p e r i o d and w i t h a 1968 t e c h n o l o g y 
c a p a b i l i t y . With Model E , t h e h e a v i e s t r a i n f a l l i n c r e a s e mode l , i t was found 
t h a t c o r n would have been h e l p e d in 36 o f 38 y e a r s unde r t h e o b s e r v e d w e a t h e r 
and assumed t e c h n o l o g i c a l l e v e l . S i m i l a r l y , soybeans would have b e n e f i t e d 
from a p p l i c a t i o n of Model E in 33 of t h e 38 y e a r s . In t h e 3 8 - y e a r p e r i o d , 
b o t h c r o p s would have been h e l p e d 32 t i m e s ( y i e l d i n c r e a s e ) and harmed o n l y 
once ( y i e l d d e c r e a s e ) . I n 5 y e a r s , o r 13% o f t h e s a m p l i n g p e r i o d , o p p o s i t e 
e f f e c t s would have r e s u l t e d from a p p l i c a t i o n of Model E. As shown in Tab le 
1 4 , c o r n would have been t h e c rop h e l p e d i n 4 o f t h e s e 5 o p p o s i t e - e f f e c t y e a r s . 
Table 1 4 . Frequency o f y e a r s v a r i a b l e - c h a n g e models 
would i n c r e a s e o r d e c r e a s e c rop y i e l d s i n 
Region U S . 
T o t a l number o f y e a r s No. o f y e a r s Number o f t i m e s 
Seed ing Corn Soybeans Both Both h e l p e d in o p p o s i t e 
Model Helped Hurt Helped Hurt Helped Hurt e f f e c t y e a r s 
Corn Beans  
E 
A 
B 
C 
X 
36 
31 
26 
16 
3 
2 
7 
12 
22 
35 
33 
32 
28 
12 
0 
5 
6 
10 
26 
38 
32 
26 
22 
6 
0 
1 
1 
6 
16 
35 
4 
5 
4 
10 
3 
1 
6 
6 
6 
0 
The major d i f f e r e n c e be tween Models E and A is t h e number of o p p o s i t e -
e f f e c t y e a r s , 11 f o r A compared w i t h t h e 5 f o r E . P r o c e e d i n g to Model B , which 
p r o d u c e s l e s s s e e d i n g - i n d u c e d r a i n f a l l t h a n Model A , fewer y e a r s w i t h b e n e f i t s 
were o b t a i n e d , b u t s t i l l i n c r e a s e d c rop y i e l d s o c c u r r e d i n abou t 70% o f t h e 
y e a r s . A r e v e r s a l t a k e s p l a c e from Model B to Model C, a c r o s s - o v e r model 
w i t h r e s p e c t t o i n c r e a s i n g o r d e c r e a s i n g t h e J u l y - A u g u s t r a i n f a l l . With Model 
C , c r o p s would be harmed more o f t e n t h a n h e l p e d in a c o n t i n u o u s y e a r - t o - y e a r 
s e e d i n g program. As e x p e c t e d , Model X, a d e c r e a s e model t h a t would o n l y be 
used knowingly in o v e r l y wet y e a r s , would have h e l p e d in only 3 of t h e 38 
y e a r s f o r corn and n o t a t a l l w i t h soybean y i e l d s . Th i s i n d i c a t e s q u i t e 
s t r o n g l y t h a t d e c r e a s i n g r a i n f a l l t h r o u g h s e e d i n g would se ldom h e l p corn o r 
soybean y i e l d s i n t h i s r e g i o n i n s o u t h c e n t r a l I l l i n o i s . Among t h e 1 3 
r e g i o n s , Model X was h e l p f u l , on t h e a v e r a g e , in 6 of t h e 38 y e a r s f o r co rn 
and 8 of 38 y e a r s f o r soybeans (Append ix , Tab le 6 8 ) . 
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Except for Model E, Table 14 shows a substantial number of years in 
which the increase models would have an opposite effect on crop yields in 
Region 11S. This illustrates one of the problems inherent in cloud seeding 
operations -- that is, one crop may be helped while another in the same area 
could be harmed. However, in part of the opposite-effect years in Region 
11S both gains and losses were small, so that the differential effect was not 
a serious problem from consideration of overall economic benefits or disbenefits. 
Economic Gains with Improving Seeding Capability 
An analysis was made to determine the economic gains that would result 
from a progressively increasing capability to augment natural rainfall in the 
July-August period. For this purpose, a starting capability corresponding 
to Variable-Model C was assumed. As described earlier, this model resulted in 
a nearly equivalent number of rainfall increases and decreases in the naturally-
occurring rainfall total for July and August when applied to the 1931-1968 
data. The seeding effectiveness of the variable-change models from year-to-
year is related to the distribution of daily rainfall amounts upon which 
these hypothetical seeding models operate. It was assumed that seeding 
effectiveness would gradually increase from that represented by Model C to 
Models B, A, and E. 
Results of this analysis are illustrated in Table 15 for five regions 
selected to represent different crop-yield characteristics. Interpretation 
of Table 15 is illustrated by the following example. In Region 3, improving 
the seeding capability from C to B would result in a median income gain of 
$1.05 per seeded acre. Additional improvement from B to A would provide a 
median gain of another $1.05 per acre. Finally, improvement from A to E 
would add $1.10 per seeded acre. Thus, overall improvement from Model C to 
Model E would be expected to increase the average or median income by $3.20 
per seeded acre in Region 3 over an extended period of time with the climatic 
conditions and technology levels used in the Illinois study. 
Table 15 shows that the economic gains would vary substantially among 
regions if seeding effectiveness was progressively increased. Among the 5 
regions , the greatest monetary gain is indicated for Region 10 in the northern 
part of the state, normally a high yield area, with an overall increase of 
$10.40/acre in progressing from Model C to Model E effectiveness. The 
least effect is in Region 12 in the extreme western part of the state with 
an overall gain of $2.55/acre. This region, which is also a relatively high 
yield area, lies in the belt of maximum thunderstorm activity in summer, 
and, therefore, is less likely to suffer from soil moisture needs than some 
other regions. The relatively large increase in Region US in south central 
Illinois occurs in an area in which soil conditions are such that frequent 
rains are needed to maintain adequate soil moisture, and the seeding-
induced rainfall would be particularly useful. Corn and soybean yields in 
Region 11S average only 65-70% of those in the other four regions listed 
in Table 15. 
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Table 15. Comparison of median income gain with 
improving seeding capability. 
Region Model Sequence Gain (Dollars) 
Per Seeded Acre 
3 
C-B 
B-A 
A-E 
1.05 
1 .05 
1.10 
6 
C-B 
B-A 
A-E 
1.35 
1.60 
1.05 
10 
C-B 
B-A 
A-E 
3.40 
3.40 
3.60 
I I S 
C-B 
B-A 
A-E 
1.70 
2 .00 
1.90 
12 
C-B 
B-A 
A-E 
0 .85 
0 .90 
0 .80 
S t a t e 
Average 
C-B 
B-A 
A-E 
1.98 
2 .15 
1.98 
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Comparison of Variable-Change and Constant-Change Models 
Table 16 summarizes the r e s u l t s of a comparative ana lys i s of the 
e f f ec t i venes s of two types of h y p o t h e t i c a l seeding models in Regions 10 and 
11S. Region 10 was s e l ec t ed as r e p r e s e n t a t i v e of the h igh -y i e ld regions in 
the nor thern par t of the s t a t e , and Region 11S is r e p r e s e n t a t i v e of the 
r e l a t i v e l y low-yie ld regions of southern I l l i n o i s . The comparison has been 
made between v a r i a b l e Model A and the 25% c o n s t a n t - i n c r e a s e model because 
over the 38-year sampling p e r i o d , Model A has a l s o averaged a 25% inc rease 
in Ju ly and August r a i n f a l l . The primary purpose of t h i s p a r t i c u l a r 2-
region ana lys i s was to determine whether t h e d i f fe rences in y i e l d s between 
the two models were r e l a t e d to the r e l a t i v e dryness or wetness of the J u l y -
August pe r iod . 
Table 16 shows t h a t the constant-change model was super io r in both 
r e g i o n s , based upon 38-year median and average y i e l d s . Results for the two 
regions show a poor r e l a t i o n between corn y i e l d d i f fe rences and depar ture 
from normal in both July and July-August t o t a l r a i n f a l l . Examination of 
da ta for the i nd iv idua l years did show a weak t r e n d for the cons t an t -
inc rease model to be more e f f e c t i v e in below-normal and s l i g h t l y above-
normal years and for Model A to do a l i t t l e b e t t e r in r e l a t i v e l y wet 
y e a r s . This t rend is r e l a t e d to the b a s i c c h a r a c t e r i s t i c of Model A which 
r e s u l t s in decreas ing seeding e f f ec t iveness with inc reas ing da i l y r a i n f a l l 
with a cutoff at a da i ly amount of one inch . However, as shown by the 
c o r r e l a t i o n c o e f f i c i e n t s in Table 16 , the o v e r a l l r e l a t i o n s h i p between y i e l d 
d i f fe rences with the two models and normal i ty of n a t u r a l l y - o c c u r r i n g r a i n f a l l 
was extremely weak. Thus, in Region 10 the c o r r e l a t i o n c o e f f i c i e n t s of 
-0 .38 and -0 .46 i n d i c a t e the y i e l d d i f fe rences to be inver se ly r e l a t e d to 
depar tures from normal in the Ju ly and August r a i n f a l l , but these c o r r e l a -
t i on coe f f i c i en t s explain only 14% and 21% of the va r iance . 
The foregoing comparative ana lys i s emphasizes t h a t there may be a sub-
s t a n t i a l d i f ference in seeding-induced y i e l d changes between two types of 
seeding models, although t h e i r seeding-induced r a i n f a l l average i s near ly 
equal when averaged over the long term. Thus, how the r a i n f a l l is increased 
w i l l have an e f fec t upon i t s b e n e f i t s to crop y i e l d s . This needs to be 
known for accura te es t imates of fu ture bene f i t s from r a i n f a l l modi f ica t ion . 
Differences between equ iva len t var iab le -change and constant-change 
models in o ther regions can be obtained from Tables 8 to 26 in the Appendix, 
which show frequency d i s t r i b u t i o n s of corn and soybean y i e ld changes in 
a l l regions with the two types of models. As i nd i ca t ed e a r l i e r , the average 
inc rease in July-August r a i n f a l l is s i m i l a r between Model B and a 12% 
constant increase and between Model E and a 40% cons tan t i nc r ea se . 
Rela t ion Between Ra infa l l Normality and Seeding Effec t iveness 
Two var iable-change inc rease models, A and B, and two decrease models, 
X and Y, were used to i n v e s t i g a t e the r e l a t i o n s h i p between the depar ture 
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Table 16. Comparison of seeding r e s u l t s for 
corn with va r i ab le Model A and 
25% cons t an t - i nc rea se model. 
Region 
10 11S 
Average y i e l d d i f fe rence ( b u / a c r e ) , 25% - A +2.1 +1.2 
Median y i e l d d i f fe rence ( b u / a c r e ) , 25% - A +1.1 +0.6 
Cor re la t ion Coeff ic ien ts 
Yield d i f fe rence vs . depar ture from normal 
of July-August r a i n f a l l -0 .38 +0.11 
Yield d i f fe rence vs . depar ture from normal 
of July r a i n f a l l -0 .46 -0 .39 
from normal of July-August r a i n f a l l and seeding-induced y i e l d changes for 
corn in Region 11S. For t h i s a n a l y s i s , the da ta were grouped i n t o years 
with above and below normal r a i n f a l l in the July-August pe r iod . The inc rease 
models, A and B, would be expected to be p o s i t i v e l y c o r r e l a t e d with depar-
t u r e from normal in years with below-normal r a i n f a l l and nega t ive ly c o r r e -
l a t e d in years with above-normal r a i n f a l l for July and August. The opposi te 
t r end would be expected in the above-normal y e a r s ; t h a t i s , X and Y should 
be p o s i t i v e l y c o r r e l a t e d and A and B should be nega t ive ly c o r r e l a t e d . 
Resul ts of the c o r r e l a t i o n analyses are summarized in Table 17. The 
expected t rends with r e spec t to p o s i t i v e and negat ive c o r r e l a t i o n were 
found. Although the t r ends are reasonable with r e spec t to s i g n , the degree 
of c o r r e l a t i o n is r e l a t i v e l y weak between r a i n f a l l normal i ty and seeding-
induced y i e l d changes. From t h i s a n a l y s i s , i t would appear t h a t the o v e r a l l 
depar tu re from normal of July-August r a i n f a l l is not a good i n d i c a t o r of 
the expected y i e l d gains from seeding . Other f a c t o r s , such as t h e time 
d i s t r i b u t i o n of the n a t u r a l l y - o c c u r r i n g r a i n f a l l and the d i s t r i b u t i o n of 
storm or da i ly r a i n f a l l with r e spec t to volume and i n t e n s i t y c o n t r i b u t e to 
the seeding e f fec t iveness in any given yea r . 
Table 17. Cor re la t ion for corn between seeding-induced 
y i e l d changes and normal i ty of July-August 
r a i n f a l l fo r s e l e c t e d seeding models. 
Cor re la t ion c o e f f i c i e n t 
for given da ta s t r a t i f i c a t i o n 
Model Above-normal years Below-normal years 
A -0 .37 +0.43 
B -0 .13 +0.31 
X +0.27 -0.10 
Y +0.33 -0.40 
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Effect of Seeding Models on Variance 
Calcu la t ions of the change in var iance with a p p l i c a t i o n of the var ious 
hypo the t i ca l seeding models were made to aid in eva lua t ing seeding b e n e f i t s . 
For example, i f seeding provided no b e n e f i t o the r than reducing the n a t u r a l 
y e a r - t o - y e a r v a r i a t i o n in y i e l d , i t might be use fu l . Ca lcu la t ions were 
made for Regions 3, 4, 10 , 11S, and 12 to obta in a sampling in d i f f e r e n t 
areas of the s t a t e and fo r regions of var ious s i z e s . In these r e g i o n s , 
var iable-change models A, B, C, X, and Y were t e s t e d on corn , along with 
constant-change models fo r 12%, 25%, -15%, and -30%. 
Resul ts of the ana lys i s are summarized in Table 18 , in which the 
variance is shown for the equa t ion -p red ic t ed y i e l d s with 1) no seed ing , and 
2) a f t e r a p p l i c a t i o n of each seeding model to the 38-year sample. With a l l 
seeding models t h e r e is a t rend for the var iance to inc rease from t h a t 
obtained with the non-seeded y i e l d s from the p r e d i c t i o n equa t ions . However, 
in most cases the inc rease is not l a r g e , and t h i s is r e f l e c t e d in the median 
and average values for the f ive r e g i o n s . There appears to be no marked 
s u p e r i o r i t y for any seeding model with r e spec t to minimizing the va r i ance . 
There is cons iderab le f l u c t u a t i o n in the var iance between r e g i o n s . This 
i s not s u r p r i s i n g s ince s o i l p r o p e r t i e s , c l ima t i c c o n d i t i o n s , and t echno log i -
ca l improvements can vary between regions and these f ac to r s can a f fec t the 
y e a r - t o - y e a r v a r i a t i o n in crop y i e l d . 
Overa l l , i t was concluded t h a t seeding would not s u b s t a n t i a l l y a l t e r 
the n a t u r a l variance of r e g i o n a l corn y i e l d s , although the net e f fec t in 
most regions would be a s l i g h t increase in the y e a r - t o - y e a r v a r i a b i l i t y of 
y i e l d s . 
Table 18. Effect of seeding on variance of corn 
y i e l d s (bu /ac re ) i n s e l e c t e d r e g i o n s . 
No V a r i a n c e f o r g i v e n s e e d i n g model 
s e e d i n g V a r i a b l e - c h a n g e models C o n s t a n t - c h a n g e models 
Region v a r i a n c e A_ B C X Y +12% +25% -15% -30% 
3 75 118 97 82 79 64 128 162 97 89 
4 175 199 180 173 174 170 191 233 169 165 
10 168 182 202 213 253 230 158 139 179 174 
U S 136 124 136 140 146 147 134 137 139 138 
12 84 88 87 85 90 86 85 85 83 80 
Median 136 124 136 140 146 147 134 139 139 138 
Average 128 142 140 139 148 139 139 151 133 129 
Comparison of I n t e r a c t i o n and No-In te rac t ion Equations 
Predic ted annual corn y i e l d s from t h e various regions obta ined with 
weather-technology i n t e r a c t i o n and no weather- technology i n t e r a c t i o n equat ions 
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were compared to determine whether significantly different values were obtained. 
In this comparison, yield differences in each of the 38 years (19 31-1968) 
were obtained between the actual average yields recorded in each year for each 
region and the yields calculated from each of the two equations. Differences 
between the calculated yields from the two equations were tabulated also. 
For each of the three sets of differences , means, medians, and frequency 
distributions were obtained in each region. For the 38-year sampling period, 
the median difference for all regions combined was 0.3.bu/acre between the 
actual and prediction equation values and 0.1 bu/acre between the two predic-
tion equations. Among regions, the median difference between the actual 
and the interaction values ranged from -0.3 to +0.9 bu/acre. Similarly, the 
median ranged from -0.7 to +0.7 for the differences between actual and no-
interaction values and from -0.5 to +0.3 between the interaction and no-
interaction values. From consideration of the median differences, there 
appears to be little difference in the prediction efficiency of the inter-
action and no-interaction equations. The same conclusion was reached from 
evaluation of the three sets of average differences which showed even smaller 
variations than the medians. 
Next, the frequencies with which each set of differences equalled or ex-
ceeded selected values were calculated for each region. In general, the 
results indicated a slight superiority for the interaction over the no-
interaction equation. This has been brought out in Table 19 in which all 
differences for the 13 regions have been combined into a single frequency 
distribution. In this table, the percent of the differences equalling or 
exceeding 1, 2, 3, 4, and 5 bu/acre are shown for each of the three compari-
sons. The number of occurrences of relatively large differences was somewhat 
greater between the actual and no-interaction predicted values than between 
the actual yields and the interaction predicted yields. The lack of major 
differences between the two prediction equations is indicated by the fact 
that the predicted values differed from each other by less than 1 bu/acre 
in 55% of the cases. 
Based on the frequency of relatively large differences of 3, 4, or 5 
bu/acre, the prediction equations showed the best correlation with actual 
yields in Region 8 in the southwestern and extreme southern part of the state, 
whereas the largest differences occurred in Region 6 in the central part of 
the state. For example, the differences between actual yields and the inter-
action predicted yields equalled or exceeded 5, 4, and 3 bu/acre, respectively, 
in 0 , 3, and 6 years during the. 38-year sampling period in Region 8. In 
Region 6, these differences between actual and predicted yields were equalled 
or exceeded in 9, 10, and 24 years, respectively. 
The interaction equations were selected for use in the regional compu-
tations because of 1) their slight superiority as indicated in the above 
comparisons, and 2) physical considerations which would indicate that crop 
yields would be affected to some extent by temperature and precipitation 
interactions during the growing season. 
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Table 19. Comparison of prediction efficiency of 
interaction and no-interaction equations 
for corn after combining all regions. 
Percent of total occurrences for given comparison 
Difference 
equalled or Actual minus Actual minus Interaction minus 
exceeded interaction no-interaction no-interaction 
(bu/acre) yields yields yields  
1 77 75 45 
2 55 57 19 
3 34 37 8 
4 19 25 3 
5 12 16 2 
Technology-Economics Discussion: Test of an 
Alternative to 1968 Technology 
The difficulties of taking into account the role of technology in 
estimating crop yield response have been mentioned previously in this 
report. As indicated earlier, the assumption of 196 8 technology was in 
part dictated by the lack of an effective means of predicting future 
technology and also whether such technology will interact with rainfall 
augmentation in the same way as during the period of observation. Never-
theless , it is of interest to examine the effect on yield response of a 
simple extrapolation of the 10 years of technological change. The change 
in response of corn and soybean yield to one inch of precipitation from 
such an extrapolation is presented in Table 20. Our expectation would be 
that general improvements in technology would increase the response of 
yield to precipitation. Although this is the general pattern, there are a 
number of exceptions. For example, in Region 1, the effect of 10 years 
of technological change was to reduce the response of corn yield to one 
inch of July precipitation by 0.77 bushels (Table 20). Of the 13 regions 
the expected complementarity between technology and response to precipi-
tation occurred in 18 out of 26 cases for corn and 15 out of 26 cases 
for soybeans. 
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Tab le 2 0 . E f f e c t of 10 y e a r s of t e c h n o l o g i c a l change on 
y i e l d r e s p o n s e t o 1 i nch o f r a i n f a l l ( t e m p e r a t u r e 
at 19 31-196 8 mean v a l u e ) . 
Corn Soybeans  
Region July August July August 
- - - - - - - - - bushels per acre - - - - - - - - -
1 -0.77 0.45 -0.52 0.10 
2 0.12 0.17 -0.68 -0.36 
3 0.42 0.30 -0.33 -0.50 
4 0.19 0.79 -0.02 0.24 
5 -0.25 -1.10 0.02 -0.41 
6 -0.31 1.10 -0.36 0.45 
7 1.55 1.91 0.59 0.05 
8 2.22 -0.32 0.38 0.03 
9 2.13 2.15 0.60 0.23 
10 3.03 1.11 -0.11 0.39 
11N 1.01 0.99 0.18 0.33 
11S 0.66 -0.01 -0.14 0.52 
12 -0.07 -0.18 0.03 -0.10 
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WEATHER MODIFICATION CONSIDERATIONS 
Analysis of Seeding Costs 
Economic evaluation of seeding benefits requires information on seeding 
costs. Therefore, an effort has been made to obtain such information through 
every possible source, since there appears to be little published on this 
subject. Very little published information is available because commercial 
seeding operators normally do not publish such information. However, some 
information has been gleaned through personal conversations, 1 or 2 technical 
papers, and a few oral presentations of papers. 
The costs normally involved are 1) a profit of unknown dimension; 2) a 
project meteorlogist who forecasts and directs daily operations (on site or 
remotely); 3) seeding equipment that may be ground-based generators and/or 
aircraft equipped with seeding devices; 4) personnel to operate and service 
all equipment (although some may be subcontracted to locals or handled by 
volunteers); and 5) miscellaneous charges for housing and for transporting 
staff and equipment to the site. No breakdown on these costs as a part of the 
quoted total costs has been found. 
The readily available information at this time is summarized in Table 21. 
Costs for hail seeding projects are considered viable for rain-increase projects 
since both are 2- to 3-month warm season efforts requiring identical equipment 
and activities on most precipitation days. From this table, it appears that 
the cost is approximately $0.05 per acre per year for rain-increase operations, 
increasing to about $0.15 for hail suppression. In either case, the cost is 
relatively small compared with the median added income per acre discussed 
earlier in this report. 
Additional information on commercial seeding costs was obtained in a 
conference on June 25, 1970 with Mr. Thomas Henderson, Atmospherics Incorporated, 
who has had extensive experience in commercial seeding operations. He in-
dicated that the usual method of calculating seeding costs is to set up a 
box encompassing the target area and base costs upon size of area and total 
number of acres cultivated. From one operational site, an area of approximately 
3000 mi2 can be seeded. Three aircraft and a radar should be integral parts 
of the operational equipment for a summer cumulus seeding project. Radar is 
very essential to optimize regions of attack within the target box, and one 
radar can observe 2-3 aircraft in a 3000 mi2 area. 
As the number of unit areas are increased in number, seeding costs decrease. 
Seeding costs per unit time also decrease as the operational period increases. 
Thus, within a given year, the cost per month for a 3-month operation would be 
less than for 1 month. Similarly, a seeding contract over several years can 
be considerably cheaper than a 1-year contract. The higher price for shorter 
periods is due to certain basic costs involved in every seeding operation, 
regardless of its length. The base price is a major portion of the total cost 
of a seeding operation. 
Table 21. Estimates of seeding costs. 
Project 
location Area Cost per Annual 
Source of Project and Data Money seeded Portion of area Period of acre per total 
information purpose duration obtained source mi2 supporting project Equipment operation year costs 
Project Met. hail Alberta, July Local 2000 about 50% 4- airplanes 5/15-8/15 15¢ $100,000 
Krick Assoc. supp. Canada 1968 farmers . 180 GG* 
(verbally) (9 years) groups 
Schleusener rain Great Oct. Not 2500 Not indicated 1 airplane 3 months 5¢ 75,000 
(ASCE paper increase Plains 1969 indi-
at Chicago) cated 
Dennis at hail SW S. July Levy on about 100% 1 airplane May-July 10¢ 96,000 
S.D. supp. Dakota 1968 local 1500 
(verbally) (3 years) farmers 
Howell hail Illinois Nov. Tax levy 3000 about 100% 2 airplanes June-Aug. 16* 300,000 
(verbally supp. (5 years) 1966 plus ins. 100 GG* 
proposed) reduction 
Newspapers rain Illinois Aug. Contri- 720 100 people 7 GG" 2.5 mos. 1.5¢ 6,500 
£.County increase (1 year) 1964 butions 
Agent 
Henderson rain** Illinois June Not"" 3000 Assumed to be 3 aircraft 2 months 5* 104,000 
(Atmos- increase (1, 2, 1970 applicable all 1 radar (1 yr) 
pherics and 5 
Incorporated) years) 
(verbally) 
"GG = ground generator 
""Bid on hypothetical project 
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July-August Dry Period Climatology 
A climatic study of July-August dry periods in Illinois during the 
1931-1968 period was performed to gather information on the time-space 
variations of areas with the greatest need agriculturally for rain augmen-
tation. Although a comprehensive meteorological analysis of these was not 
performed, the climatic results have usefulness in assessing certain design 
and economic factors of summer weather modification projects in Illinois. 
They are also of interest in understanding certain climatic aspects of these 
dry periods, such as the presence of long-term trends in their occurrences. 
Although results of the Illinois research have shown that economic benefits 
would come from added rainfall in the many "near-normal rainfall" summers, 
seeding would have its greatest economic benefit by enhancing rain in dry 
July-August periods. 
In this climatic investigation, dry periods (or dry areas) were defined 
arbitrarily as July-August periods with less than 50% of the normal 2-month 
rainfall. Huff and Changnon's (1963) study of precipitation droughts in 
Illinois showed that 3-month droughts achieving a percentage of 50% of 
normal rainfall or less represented a point event with a recurrence interval 
of once every 2 to 3 years. July-August rainfall normals were computed 
for 54 weather stations with complete records in this 38-year period, and 
then the statewide pattern of average July-August rainfall was developed. 
Individual isohyetal maps based on July-August rainfall totals for each 
year in the 38-year period were prepared. Comparison of these yearly maps 
with the 38-year average pattern allowed assessment of those areas where 
amounts were 50% or more below normal. Each of these areas was then plani-
metered to obtain the areal extent, and the position of its center was 
plotted on another map. A total of 75 distinct "dry-areas" were found in 
the 38-year study period. 
The results derived for dry areas (periods) are presented to describe 
various temporal and spatial aspects in the dry-period distributions. Temporal 
analyses performed included the statewide and regional time series of dry 
periods during the 38-year period, their tendency for persistence in each 
region, and the annual frequency in Illinois. Areal information investigated 
included county and regional frequencies and information on the areal extent 
of the dry areas. Also, the frequency of rain days of different magnitudes 
occurring with these July-August dry periods was investigated. 
The average July-August rainfall in Illinois is 6.4 inches, ranging 
from 5.9 inches in the south-central area to 8.1 inches in northern Illinois. 
Fifty precent of normal July-August rainfall in most locations in Illinois 
ranges from 3 to 3.5 inches. 
Temporal variations. Certain areal and temporal frequency information 
on the dry periods (areas) appears in Table 22. The 38-year state total was 
7 5 dry areas, producing an annual average value of 2 dry areas per year. The 
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distribution of these dry periods per year is also shown, indicating that 
10 years of the 38 had no dry areas, 21 of the 38 years had 2 or more dry 
areas, and in 2 years (19 53, 1964) there were 5 or more distinctly separate 
dry areas within Illinois. 
To inspect for possible long-term trends in July-August rainfall, the 
maximum and minimum 2-month amounts anywhere in Illinois in each year were 
determined. These extremes are plotted on Fig. 12, along with the statewide 
average of 6.4 inches. Dashed lines were drawn at 2 inches and at 15 inches 
to reference variability with time. Inspection of the curve of the lowest 
statewide values reveals a distinct upward shift with time. In the first 19 
years of the 38-year period, 10 of the lowest point values in Illinois were 
less than 2 inches. Thus, more than 50% of the July-August periods in the 
1931-1949 period had points with less than 2 inches. In the second 19-year 
period, 1950-1968, only 2 years experienced July-August totals of less than 
2 inches. Although the upward trend in July-August rainfall values found in 
the lowest values is not as apparent in the highest values (Fig. 12), it can 
be noted that 7 years of the first 19 had values that were 15 inches or higher, 
whereas in the most recent 19 years studied, 11 years had 15 inches or more. 
This set of statewide extremes for July-August rainfall does suggest a "better" 
rainfall regime in the most recent 15-20 years. 
Table 22. Statistics on dry areas (- 50% of normal rainfall) 
in July-August period of 1931-1968 
Frequency of Areas 
1. 38-year state total = 75 
2. Annual average = 2 
3. Number of years in Illinois with: 
No dry areas = 10 
1 or more = 28 
2 or more = 21 
3 or more = 14 
4 or more = 9 
5 or more = 2 
Sizes of Individual Areas (mi2) 
Average = 1,461 
Median = 435 
Largest = 19,200 
Smallest = 45 
50% occurred in range between 240 and 960 mi2. 
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Figure 12. Distribution of maximum and minimum 2-month rainfalls 
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The temporal distribution of dry areas were determined for those in 
each of the 13 crop-weather regions. Results for three of these regions 
are portrayed in Fig. 13. The data for Regions 3 and US substantiate the 
indications shown in Fig. 12 with decreasing frequencies of dry areas with 
time. For instance, 7 cf the 12 dry areas that occurred in Region 3 
occurred before the middle of the 1931-1968 period, and in Region U S , 
10 of the 17 dry periods there occurred before 1950. Region 2, which has 
had fewer dry areas than Regions 3 and US with a total of only 9, shows 
a somewhat different distribution with 5 of its 9 dry areas during the last 
19 years. However, it should be noted that in these regions shown on 
Fig. 13 and all others in Illinois, the number of dry periods has dramatically 
decreased since 1957. Most of the 1931-1968 dry-period occurrences were 
concentrated between 1933 and 1955. Furthermore, there has been lack of 
any widespread occurrence in the recent 15 years. For instance, 1943, 
1945, 1947 and 1953 had dry areas in all three regions (Fig. 13), but no 
comparable widespread dry area has occurred in all 3 regions since 1953. 
Another way of inspecting the time (and space) variations of dry 
areas in the crop-weather regions is to plot their centers within the 
regions, as illustrated in Fig. 14 for Regions 2, 3, and U S . Here the 
yearly value is plotted within the region at the point where the lowest 
rain value occurred within the below-normal area. Inspection of the general 
placement of these annual values reveals that even within the 3 regions, 
areas of extreme dryness seem to be non-randomly distributed. For instance, 
in Region 3 most of the extreme dry areas were in the NE or extreme SW. 
Among the more interesting and useful operational aspects of the results 
in Figs. 13 and 14 are the temporal distributions of dry periods in each 
area. Note how most (10) of the dry areas in Region US occurred during 
a 13-year span from 1940 through 1953. Similarly, half of the 12 dry periods 
in Region 3 occurred in the 1940-1947 period, and even in Region 2, 6 of the 
9 dry areas were concentrated in the 14-year period beginning with 1943. 
Hence from an operational seeding standpoint, it appears that once a region 
of Illinois has had 3 dry periods in a 5-year period, it's likely that the 
need for operations there would occur frequently over a 7- to 14-year 
period. This tendency for repeated dry areas in relatively small regions 
of Illinois is of considerable climatic interest and cannot be explained 
with available data. 
To investigate the possibility of detecting (and predicting) July-August 
dry periods (areas), the amounts of rainfall in the July 1-15 period for 
the 75 dry areas were calculated. Each areal mean amount was expressed as 
a percent of the normal July 1-15 amount for the particular area of the dry 
region. Averaging of these 75 regional percentages for July 1-15 rainfall 
indicated a mean value of 37% (about 0.6 inch) of normal with extremes 
varying from 0% to 130%. Rainfall in the July 1-15 period (of July-August 
dry periods) was 10% or less of normal in 19 of the 75 dry periods, 25% 
or less in 34, and 50% or less in 52 (70%) of the 75 dry periods. Rainfall 
in July 1-15 exceeded 100% of normal in only 2 dry periods. 
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Figure 13. Regional distribution of dry areas 
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Figure 14 . Dry-area centers w i t h i n Regions 2, 3, and 11S 
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A second investigation using long-term data from 4 stations was per­
formed to examine the relationship between July 1-15 rain amounts and 
July-August rainfall. This analysis revealed that only 23% of all July 1-15 
periods with rain 537% of normal (the average for all 75 dry periods) were 
associated with dry periods (July-August totals 550%). However, this more 
meaningful analysis of the use of July 1-15 period rainfall as a predictor 
revealed that 94% of all July 1-15 periods that had rainfall ≤50% of normal 
(about 0.8 inch, or less) were associated with July-August totals ≤75% of 
normal. When the July 1-15 rainfall was >50% of its normal, there was no 
useful (predictive) relationship with the July-August totals. 
Spatial characteristics. Planimeterming of the 75 dry areas yielded 
the results shown in Table 22 regarding their sizes. The distribution was 
sufficiently skewed so that the average areal extent was considerably larger 
than the median value which is considered more realistic. The median of 
435 mi2 is just slightly less than the average size of an Illinois county 
which gives some perspective as to the smallness of the typical July-August 
dry area. The largest dry area of 19,200 mi2 occurred in 1936. This area 
represents 34% of the total state area, whereas the median dry area is 
slightly less than 1% of the total state area. These areal extent values, 
coupled with the frequency of dry areas by years shown in Table 22, allow 
an estimation of operational aspects for rain enhancement if all dry areas 
were to be the focus of rain enhancement projects. 
The extent of the July-August dry areas in each year were summed and 
used to develop statewide totals. These totals are shown in Fig. 15. Four 
years (1936, 1945, 1947, and 1953) had exceptionally large areas of dryness. 
Interestingly, most of the years with extensive dry areas in July-August 
occurred prior to 1954 and most of them were concentrated between 1933 and 
1947. This time-area graph also supports the results shown in Figs. 12-13 
that indicate a lessening of dry area frequency and areal extent during 
this 38-year period. 
To investigate the areal distribution of the July-August dry areas , 
the number of times each county was either partially or totally within a dry 
area was tabulated by counties for the 38-year period. Iso-frequency lines 
based on county results are shown in Fig. 16. Region 11S, where corn yields 
are very dependent on July-August rainfall, is also denoted in the figure. 
Inspection of the statewide pattern reveals that highest frequency of dry 
areas occurs in a northwest-southeast section across southern Illinois. 
Isolated high frequencies of dry areas exist in western and east central 
Illinois. Steep gradients from these three high frequency areas to areas of 
low frequency can be found. For example, 9 dry areas were identified in 
Shelby County in south-central Illinois, but less than 3 were found in 
counties located just 30 miles NE of there. Counties in extreme northern 
Illinois, northeastern Illinois, and extreme southern Illinois had very 
infrequent July-August dry periods. 
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Figure 15. Extent of July-August dry areas 
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Inspection of Fig. 16 reveals that operational rain enhancement 
projects oriented to the occurrence of dry areas should exist in the southern 
half of Illinois, and probably within the area where frequencies of dry 
areas equal or exceed 6. Region US with 17 dry areas in the 38-year 
period led all other crop-weather regions in the frequency of dry areas and 
would appear to be the optimum rain enhancement area for operations under­
taken to determine the value of July-August rain enhancement to agriculture. 
Rain-day frequencies in July-August dry areas. An important question 
relating to the dry areas and their potential seedability (enhancement 
versus initiation) concerns the frequency of rain days during their occurrences. 
Hence, an analysis was made of the frequency of rain days using all the stations 
with 50% or less of normal July-August rainfall in the 75 dry periods during 
the 1931-1968 period. Rain days were defined at 3 levels: 0.1 inch or more, 
0.25 inch or more, and 0.5 inch or more per day. Normal frequencies of these 
days in July-August, as based on data for the 1901-1962 period at the 54 stations, 
were computed for these 3 rain-day levels at each station. The long-term 
point averages are 5 to 6 days in July-August with 0.1 inch or more, 3 to 4 
days across the state with 0.25 inch or more, and 2 to 2.5 (5 days in 2 years) 
of 0.5 inch or more. For each dry period, the actual number of rain days in 
each level was determined at each station, and these point values for all 
stations in the dry area were averaged. Thus, dry-area averages for 0.1-inch 
days, 0.25-inch days, and 0.5-inch days were established for each of the 75 
dry areas. These actual dry-area averages were then expressed as a percent 
of the average of the normals of the stations in that particular drv area. 
The results for this analysis are summarized in Table 23. The results 
show that the mean and median percentages of the averages for both the 0.1-inch 
and 0.25-inch classes were above normal. However, these were below normal 
for the 0.5-inch rain-day averages. The number of the 75 dry-area averages 
that were above 100% of the long-term normal, and the number that were equal 
to or less than 100% of normal are also shown in Table 23. Here it is 
shown that 50 of the 75 dry areas had 0.1-inch frequencies that were above 
100%, whereas 72 of the 75 dry areas had frequencies of 0.5-inch rain-days 
that were 100% or below. 
Table 23. Rain-day frequency information for 75 July-August 
dry areas (550% of normal), 1931-68. 
≥0.1 inch ≥0.25 inch ≥0.5 inch 
Mean (%) of 75 dry-area . 
averages 122 105 69 
Median (%) of 75 dry-area . 
averages 120 111 89 
Number times dry-area average 
>100% of normal 50 37 3 
Number times dry-area average 
≤100% of normal 25 38 72 
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Figure 16. Frequency d i s t r i b u t i o n of Ju ly-August dry areas 
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The results definitely suggest that there is no lack of light rainfall 
days in Illinois dry areas, but there is a distinct lack of 0.5-inch raindays, 
a condition noted in a study of Illinois droughts (Huff and Changnon, 1963). 
Therefore, the occurrence of July-August dry areas is related to the lack 
of moderate to heavy rainfall days and this does not stem from a lack of 
rain conditions, as revealed by the frequency of light raindays. More likely, 
the dry areas result from inefficient operation of the physical and dynamical 
processes in the cloud systems moving over the area, which, in turn, could 
be related to mesoscale temperature and evaporation processes at the surface. 
Another factor could be rapid storm motions across the dry area such that 
relatively heavy amounts do not occur. As a result of these findings regarding 
dry-period climatic properties during July-August dry periods in Illinois, 
it appears reasonable to attempt rain enhancement by seeding on days with 
naturally-occurring rainfall in efforts to increase light rainfalls into 
moderate to heavy daily amounts. 
Conclusions. Review of the results shown by this analysis of July-August 
dry periods reveals that there has been a general statewide decrease in their 
frequency and areal extent during the 38-year study period. A non-uniform 
time distribution of dry areas in Illinois existed during this period in Illinois, 
and suggests that 10- to 15-year periods of frequent dry areas similar to that 
in the mid 1930's and late 1940's will occur again in the future. Comparison 
of the temporal variations in dry areas between the crop-weather regions shows 
there is great areal variability across Illinois, and suggests that mesoscale 
conditions conducive to the dry areas vary across the state in patterns that 
have yet to be ascertained. There is a distinct tendency within most crop-
weather regions for dry periods to develop and occur repeatedly during a 
period of 7 to 14 years in length, and then essentially not to occur for 
periods of 5 to 15 years. In general, there seems to be a tendency that if 
a dry area has occurred within Illinois there will likely be one or more others 
within the state during the same year. If rainfall enhancement projects are 
geared to dry-area operations in Illinois, these temporal considerations will 
be important in planning for the type of seeding facility required. 
It is important also to recognize that such summer dry areas are generally 
small in areal extent, with a size of the average Illinois county. However, 
in some years the dry areas are quite extensive so that occassionally 20% 
or more of the state experiences dry areas in the July-August period. In general, 
dry areas are most frequent in the southern half of Illinois with counties in 
south-central Illinois being most subject to dry conditions. Areas in extreme-
northern and extreme southern Illinois experience dry periods much less fre-
quently. If mobile seeding operations are possible, and if operations in 
below-normal rainfall areas are deemed desirable, it does appear possible to 
detect impending below-normal (<75% of normal) July-August rainfall with a 
high degree of success by monitoring the amount of rainfall during the first 
2 weeks of July. 
Analysis of rain-day frequencies during the dry periods in Illinois 
suggested that there is not a lack of light rainfall days, but rather a 
distinct lack of moderate to heavy rainfall days. Thus, seeding operations 
can be successful if existing rainfall can be enhanced, rather than attempting 
to produce rain on days with no naturally-occurring rainfall. 
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Prediction of July-August Rainfall Amounts 
The results presented for the various hypothetical seeding models 
clearly revealed that it would be very useful and important to know in 
advance the amount of rainfall expected in the July-August period, or in 
either of these two months. Such information would permit the utilization 
of the optimum seeding model (including no-seeding) for any given summer 
and region. Obviously, forecasting technology now or in the foreseeable 
future is not capable of predicing the July and/or August rainfall amounts 
30 to 60 days in advance. 
The need for predictive knowledge led to a limited climatological 
study at 5 locations (each with long records) of the 1-month relationships 
in monthly rainfall and mean temperatures for June-July and for July-August. 
That is, the purpose was to determine from past data the July rainfall 
and temperature conditions following various June rain and temperature 
conditions, and, similarly, those of August with respect to July. If 
non-random relationships existed, conditional probability forecasts could 
be derived using, on June 30 or July 31, knowledge of the past month's 
weather conditions. Study of May plus June conditions with respect to 
July plus August conditions was not attempted. 
At each of the 5 stations (all had 54 years or more of record), the 
monthly (June, July, and August) rain and temperature data for each year 
were classified and divided into thirds: the above normal third, the near 
normal third, and the below normal third. This meant that there were 9 
possible types of monthly weather conditions. A wet month (above normal 
third in rain) could be with "hot" temperatures (above normal third in 
temperature), with near normal temperatures, or with cool temperatures. 
Similarly, the near normal rainfall class could be with these same three 
temperature classes as could the dry rainfall months. Thus, a matrix con-
sisting of the 81 possible combinations (9 in June and 9 in July) were 
developed for June and July, and matrices for the 81 possible combinations 
were done for July and August. 
The frequency distributions of the various June-July relations and July-
August relations for 5 of the crop-weather regions are shown in Table 24, 
along with the levels of temperature and rainfall resulting from separating 
the mean monthly temperatures and total rainfall values into thirds. 
Probabilities can be derived from the various frequencies shown in 
Table 24. For example, one useful operational seeding situation would 
concern, given that a wet July has occurred, what will August experience? In 
other words, could or should the operation quit efforts to enhance rain in 
August or should it try to suppress potentially heavy rainfall in August? 
The probabilities for the 3 possible classes of wet July (wet-hot, wet-normal, 
and wet-cool) appear in Table 25. If the probabilities were evenly distributed 
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Table 24 a. Region 10 (Aurora) monthly weather relationships, 1901-1962. 
JUNE 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot Normal Cool 
1 
2 
1 
2 
1 
1 
1 
1 
2 2 
1 1 
1 
1 
1 
2 
JULY 
Normal 
Hot 
1 
Normal 
1 
Cool 
2 
2 
1 
1 
2 
1 
4 
1 
1 1 
2 
Dry 
Hot 
2 
1 
Normal 
2 
3 
Cool 
1 
2 2 
1 2 
1 
2 
2 
JULY 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
AUGUST 
Wet 
Hot 
1 
Normal 
1 
Cool 
3 
4 
3 
1 
2 
2 
1 
1 
1 1 
Normal 
Hot 
2 
1 
Normal 
1 
2 
Cool 
2 
1 
1 2 
2 
1 
2 
1 
1 1 
Dry 
Hot Normal 
3 
Cool 
2 1 
2 
1 
1 
2 
2 
1 
1 
1 
1 
1 
2 
Temperature, °F Rain, inches  
Hot Normal Cool Wet Normal Dry 
June >70.0 67.2-70.0 ≤67.1 >4.9 3.2-4.8 0.5-3.2 
July >74.2 72.2-74.2 <72.1 >3.8 2.7-3.8 0.4-2.6 
August >72.6 71.3-72.6 <71.3 >4.0 2.4-4.0 0.3-2.3 
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Table 24 b. Region 12 (Quincy) monthly weather relationships, 1901-1963. 
JUNE 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot 
1 
1 
Normal 
1 
Cool 
1 
2 
1 
1 
1 
1 . 
3 
1 
4 2 
1 
JULY 
Normal 
Hot 
1 
1 
Normal 
3 
1 
Cool 
2 
2 
2 
1 
3 
3 1 
1 
Dry 
Hot 
1 
Normal 
2 
Cool 
2 
2 
1 
2 
2 
1 
4 3 
1 
JULY 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot 
1 
Normal 
2 
Cool 
3 
1 
2 
1 
4 
1 
1 2 4 
AUGUST 
Normal 
Hot 
1 
Normal 
1 
4 
1 
Cool 
1 
2 
2 
1 
1 
2 
1 
1 
1 
1 
Dry 
Hot. 
1 
Normal 
2 
2 
Cool 
3 
1 
2 1 
1 
1 
4 
1 1 
1 
Temperature, °F Rain, inches  
Hot Normal Cool Wet Normal Dry 
June >76.5 72.5-76.4 572.4 >5.2 3.5-5.1 0.6-3.4 
July >80.5 77.8-80.4 <77.7 >4.2 2.2-4.2 T-2.1 
August >78.7 76.5-78.6 <76.4 >4.2 2.5-4.2 0.3-2.3 
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Table 24 c. Region 6 (Decatur) monthly weather relationships, 1901-1962. 
JUNE 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot 
1 
Normal 
1 
Cool . 
2 
2 
1 
1 
2 
1 
2 
1 
1 
1 
1 
1 
3 
JULY 
Normal 
Hot Normal 
2 
2 
Cool 
1 
2 1 
1 
2 
3 2 
1 
1 
2 
Dry 
Hot 
4 
1 
Normal 
1 
Cool 
4 
1 
1 1 2 
2 
1 
2 
1 
JULY 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot 
1 
Normal 
2 
Cool 
1 
4 
1 
1 
1 
1 
2 3 
1 1 
2 
AUGUST 
Normal 
Hot 
1 
Normal 
1 
Cool 
1 
1 
1 
1 
1 
1 1 
3 
1 
2 
1 
2 
2 
Dry 
Hot 
4 
1 
Normal 
1 
1 
Cool 
3 
1 
1 
1 
2 
1 
1 
3 
1 
Temperature, °F Rain, inches 
Hot Normal Cool Wet Normal Dry 
June >74.4 71.1-74.3 <71.1 >4.9 2.9-4.9 0.5-2.8 
July >78.0 76-78 <76.0 >4.0 2.3-4.0 0.1-2.2 
August >76.5 74.6-76.5 <74.6 >4.1 2.2-4.1 0.2-2.1 
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Table 24 d. Region 3 (Urbana) monthly weather relationships, 1889-1962. 
JUNE 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot Normal 
2 
1 
Cool 
2 
5 
2 1 2 
1 
2 
4 
2 
JULY 
Normal 
Hot Normal 
2 
2 
Cool 
2 
2 
2 
1 
1 
3 
2 
2 1 
2 
1 
1 
1 
Dry 
Hot 
6 
Normal 
2 
Cool 
4 
2 
1 
1 
1 
3 
2 
2 
1 
JULY 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot 
1 
Normal Cool 
2 
6 
2 
3 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
AUGUST 
Normal 
Hot 
1 
Normal 
1 
3 
Cool 
1 
3 
2 
2 
3 
2 
1 
2 
2 
1 
Dry 
Hot 
2 
2 
Normal 
2 
1 
Cool 
2 
2 
1 
1 2 
5 
1 
1 2 
1 
Temperature, °F Rain, Inches  
Hot Normal Cool Wet Normal Dry 
June >74.0 70.8-74.0 <70.8 >4.7 2.9-4.7 0.4-4.6 
July >76.3 74.3-76.3 <74.3 >3.9 2.4-3.9 0.2-2.3 
August ≥74.5 72.3-74.4 <72.3 >4.0 2.6-4.0 0.2-2.6 
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Table 24 e. Region 11S (Mt. Vernon) monthly weather relationships, 1904- 1954. 
JUNE 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot Normal 
1 
3 
Cool 
3 
2 
1 
1 
1 
2 
1 
1 
1 
JULY 
Normal 
Hot Normal 
2 
Cool 
2 
3 
1 
2 
1 
3 
1 
1 
1 
Dry 
Hot Normal 
2 
1 
Cool 
1 
1 
2 
1 
1 
3 2 
2 1 
JULY 
Rain 
Wet 
Normal 
Dry 
Temp 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Hot 
Normal 
Cool 
Rain 
Temp 
Wet 
Hot Normal 
1 
1 
Cool 
2 
3 
1 
2 
3 
± 
1 
2 
AUGUST 
Normal 
Hot Normal 
1 
1 
Cool 
1 
2 
1 
3 
x 
1 
1 
1 
1 
2 
1 
Dry 
Hot 
1 
2 
Normal 
1 
1 
Cool 
1 
1 
1 
1 
3 
2 
1 
1 
1 
Temperature, °F Rain, inches  
Hot Normal Cool Wet Normal Dry 
June >76.2 73.0-76.1 <73.0 >5.2 3.4-5.2 <3.4 
July >79.8 77.4-79.7 <77.4 >3.2 1.6-3.1 <1.6 
August >77.7 76.1-77.6 <76.1 >5.0 2.4-5.0 <2.4 
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Table 25. Most likely rain amount in August following wet July-
conditions in 5 crop-weather regions. 
Most likely August rain and its probability 
Region Climatic Station July wet-hot July wet-normal July wet-cool 
10 Aurora Dry (0.75) Normal (0.56) Wet (0.50) 
3 Urbana Dry (0.57) Dry (0.60) Wet (0.46) 
6 Decatur Dry (0.83) Dry (0.60) Wet (0.60) 
12 Quincy Dry (0.75) Dry (0.63) Wet (0.56) 
11S Mt. Vernon Dry (0.50) Dry (0.50) Dry (0.50) 
among all possible conditions shown, each probability value should be 0.33 
(33%). Examination of the results and the probabilities indicate that when 
July was wet and hot, the probability of a dry August predominates at all 
stations, and is generally greater than the probabilities found for the other 
July rain-temperature combinations. In general, an inverse relationship 
exists at most stations for most combinations. That is, after a July with 
wet-hot or wet-normal temperatures, a dry August is most likely. However, 
persistence in rainfall is indicated when a wet-cool July has occurred, 
since a wet August is most likely at all locations except in Region 11S 
(southern Illinois). Chances of a wet August (except after a wet-cool 
July) are reasonably remote being 25% or less in all of the 5 regions. 
Further examination of the frequencies in Table 24 for both wet and dry 
conditions in the preceding months reveals that there is generally a marked 
tendency for a certain rain combination to follow given rain-temperature 
combinations in the preceding month, particularly when the prior month 
rainfall was extreme (wet or dry). 
In conclusion, the results on monthly weather relationships between 
June-July and July-August indicate that when rain extremes occur in one 
month, chances of predicting the following month are much greater than 
expected from a random distribution. Thus, the results offer useful 
decision-making information regarding the choice of seeding model and 
seeding operations in Illinois. Certainly, the probabilities based on 
historical data and for the more extreme conditions in June or July suggest 
a basis for choice that is better than the present 30-day outlooks of the 
National Weather Service, and would be better to use than a random decision. 
These results are sufficiently encouraging to suggest further research of 
the conditional relationships. 
SUMMARY AND CONCLUSIONS 
Research was carried out to provide quantitative estimates of the potential 
effects of cloud seeding on the two major Illinois crops, corn and soybeans. 
The three basic phases of this research included: 1) determination of weather-
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-yield relationships for the two crops with division of the state into regions 
of equivalent yield characteristics; 2) development of methods to evaluate 
quantitatively the effect of seeding-induced rainfall changes on crop yields; 
and 3) preliminary assessment of yield changes resulting from cloud seeding 
and their economic implications. A primary consideration in the development 
of the methodology for assessing seeding-induced benefits or disbenefits in 
Illinois was to establish methods applicable to all areas of the United States. 
In the Illinois study, the state was divided into 13 regions, based on 
county yield-weather-statistics, and a regression equation derived for each 
crop in each region by relating crop yield to technology indices and various 
parameters of temperature and precipitation. The regressions were based 
upon use of crop yield and climatological data for the period, 19 31-1968. 
Through use of the appropriate equation, hypothetical seeding models were then 
applied to actual weather data in the sampling period to obtain estimates of 
yield increases or decreases resulting from augmentation of summer rainfall. 
Two types of hypothetical seeding models were used. One investigated the 
effects of various constant percentage increases applied to the naturally-
occurring July-August rainfall. The other type, probably more realistic, 
assumed that seeding efficiency decreases with increasing daily rainfall 
amounts. Sufficient models were tested to cover the expected range of seed-
ing capability in the foreseeable future. 
From the hypothetical seeding, frequency distributions of yield changes 
were developed for each specific model, each crop, and each region. The yield-
change distributions for the two crops were then pooled to obtain an economic 
frequency distribution of seeding benefits for each region, based upon 1968 
technology levels and current corn and soybean prices. Frequency distributions 
were developed for potential seeding operations lasting 1, 2, 3, and 5 consecu-
tive years. 
In addition to the above primary studies, a number of supplementary studies 
were made to assit in evaluating potential benefits of seeding, and the more 
important of these are summarized in this report. Also, attention was given 
to analysis of seeding costs, the climatology of July-August dry periods, and 
the prediction of July-August rainfall through use of conditional probabilities. 
In general, analytical results indicated that in most regions of Illinois 
corn and soybean crops would be benefited economically in the majority of the 
growing seasons through a cloud seeding program, provided that the seeding 
operator had the capability to produce rainfall increases of 10% or more. 
However, results of this study also show that the operator must be able to 
define accurately the rainfall output from his seeding treatment or more 
damage than benefit could result from his activities. 
However, assuming the seeding operator has the capability to define and 
control his seeding operations satisfactorily, the Illinois studies indicate 
that strictly from the standpoint of probability of economic benefit or dis-
benefit, it would usually be advantageous to initiate cloud seeding whenever 
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a "dry spot" develops in the state. It was found that the hypothetical rain-
increase models are helpful the majority of the time in most regions of the 
state when the seeding-induced yield changes for the two crops (corn and soy-
beans) are pooled economically. 
Although the economic pooling usually produced favorable net results, 
other analyses indicate that differential effects may occur from seeding 
corn and soybean crops in a given region during a significant percentage of 
the years. That is, one crop may have its yield increased while the yield of 
the other crop is decreased. However, these differential effects were found 
to occur most frequently in years in which yield increases and decreases were 
relatively small. Nevertheless, this finding stresses a problem which must 
not be overlooked in evaluating potential seeding benefits. It is a poten-
tial situation which can lead to major disagreement over the results of a 
seeding program in a specific area. 
Over the 38-year sampling period, reaction to potential seeding was found 
to vary substantially between regions in Illinois when the same seeding model 
was employed. This regional variation results primarily from differences 
in soil properties between regions, and, to a lesser extent, to differences 
in growing-season climate. Thus, a seeding model can have different degrees 
of effectiveness between regions, and results in one region are not neces-
sarily transferable to another. 
Furthermore, as shown by the frequency distributions of rainfall changes 
associated with the several variable-change models, seeding effectiveness may 
vary considerably from year-to-year in a given region with the same seeding 
model. This results from the temporal variability in the natural distribution 
characteristics of storm and daily rainfall (intensity and volume) which, in 
turn, affect the seeding-induced rainfall output. This temporal variability 
complicates the problem of statistical verification of seeding results and 
helps explain some of the controversial results obtained in past cloud seeding 
experiments and commercial operations. 
From a percentage standpoint, the statewide average yield change resulting 
from seeding was found to be very similar for both crops with the various 
hypothetical seeding models employed in the study. However, average yield 
change in bu/acre was greater with corn which has a much higher acreage yield 
than soybeans. Also, comparisons indicated that the year-to-year variability 
in seeding effect was greater with corn than with beans. 
The importance of maximizing the rainfall augmentation from seeding was 
brought out in analyses which assumed gradual increase in seeding capability 
from a seeding model producing near zero augmentation (Model C) to models 
producing average July-August rainfall increases of 12%, 25%, and 40%, 
(Models B, A, and E). With these progressive increases in seeding effective-
ness, the state average of added income per seeded acre increased progressively 
by amounts of $1.98, $2.15 and $1.98, or a total increase of over $6/seeded 
acre from Model C to Model E. 
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A study of the di matology of July-August dry periods in Illinois led 
to the conclusion that there is not a substantial deficiency in the number 
of days with rain during these periods, but rather a distinct lack of moderate 
to heavy rainfall days. Thus, seeding operations should be successful through 
enhancement of existing rainstorms, rather than attempting to produce rain 
on days with no naturally-occurring precipitation. This study also showed 
that summer dry areas are small in areal extent, averaging about the size 
of an Illinois county. A distinct tendency was noted for dry periods to 
develop and occur repeatedly during a period of 7 to 14 years, and then 
essentially to disappear for 5 to 15 years. Also, great temporal variations 
in dry areas were noted within the state, and this suggests that mesoscale 
conditions not presently understood lead to development of such areas. 
A limited study was made of the use of conditional probabilities as a 
guide in scheduling seeding operations in July and August. Results indicated 
these can provide useful decision-making information that is superior to the 
present 30-day outlooks of the National Weather Service. 
RECOMMENDATIONS 
In preparation for future weather modification activities, the tech-
niques and methods developed in the Illinois research should be used to 
accomplish similar studies in other regions of the United States, where the 
major crops are different and where climatic conditions are substantially 
different. 
The general methodology developed in the Illinois agricultural studies 
should be applied to the evaluation of potential benefits of weather modifi-
cation on water supplied that are obtained from surface waters and shallow 
groundwater acquifers. As in the case of the crop-weather study, the method 
will yield useful first approximations at a minimum research cost. 
Whenever studies of the potential benefits of weather modification are 
evaluated for a region, climatic studies of the frequency distribution of 
dry periods in the study region should always be an integral part of the 
investigation. 
Results of the Illinois study show that further attention should be 
given to the use of conditional weather probabilities as a statistical fore-
casting tool to facilitate and improve the efficiency of cloud seeding 
operations in the future. 
Relationships, such as developed in the Illinois research, should be 
considered preliminary, and they should be refined as more precise information 
and knowledge on seeding capabilities become available in the future. 
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